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ABSTRACT 
Machining is a non-linear process and involves the consideration of variables such as inelastic 
deformation, high temperatures and contact conditions.  This thesis focuses on investigating the 
contact conditions between cutting tools and polymeric materials during orthogonal cutting.  A 
test rig has been developed to allow cuts to be taken from a rectangular workpiece, such that the 
rake angle (the angle of inclination of the tool surface) can be varied.   
 
In this work the rake angle was varied from -20o to 30o, and the cutting was performed at rates 
of 0.01ms-1 and 0.1ms-1 on PMMA, nylon 4/6 and nylon 6/12.  As part of a round robin 
investigation, tests were also performed on HIPS, ABS and LLDPE. 
 
The experimental method developed required the measurement of forces in two directions (the 
direction of cutting, Fc and transverse to the direction of cutting, Ft).  The rig allowed for the 
careful control of the depth of cut, h.  After each cut, the thickness of the off-cut chip hc was 
also measured. 
 
A series of cuts were taken at depths varying between the range of 0.02mm to 0.25mm and the 
forces were measured.  A cutting theory has been applied to the experimental data to determine 
the fracture toughness Gc, and the yield stress σY of the material.  The Coulomb friction μ and 
an adhesion term, Ga representing sticking at the tool-chip interface, were also deduced.   
 
Independent fracture mechanics tests were performed at a range of temperatures and rates on the 
different polymers.  Tensile tests were also performed, to compare standard values to the 
material parameters determined in cutting.  The values of Gc and σY deduced were independent 
of the rake angle however, μ and Ga were not.  The calculated values of Gc were typically 
within 5% of the standard values however, σY was found to be up to 5 times higher.  The 
existence of work hardening is believed to be the cause of these elevated values.   
 
The cutting analysis was also applied to some previously published metal cutting data and 
produced constant values of Gc.  
ii 
ACKNOWLEDGEMENTS 
I would like to thank my supervisors Prof. J. G. Williams and Dr. B. R. K. Blackman.  Firstly, 
for giving me this opportunity, and secondly for all their help and guidance since.  Their advice 
and support has been invaluable.   
 
I would also like to acknowledge the help of all the technical staff, especially that of Mr. T. 
Nolan, for preparing test specimens and for always having the time to listen to me rant.   
Thanks Tom!  
 
During my time here, I have made some very close friends, who have entertained, motivated 
and kept my feet firmly on the ground.  I shall treasure the memories they have given me.    
 
This thesis took a little longer than expected, I would like to thank my family for their patience, 
understanding and support throughout this journey. 
 
Finally, for accepting the challenge, my thanks go to my barber! 
iii 
TABLE OF CONTENTS 
Abstract  i 
Acknowledgements ii 
Table of Contents iii 
List of Figures vii 
Nomenclature xv 
Chapter 1 1 
1 Introduction 1 
1.1 Overview 1 
1.2 Aims and Objectives of the Work 3 
1.3 Thesis Outline 4 
Chapter 2 5 
2 Literature Review 5 
2.1 Introduction 5 
2.2 Machining of Polymers 5 
2.2.1 Introduction 5 
2.2.2 Influence of Polymer Properties on Machining 5 
2.2.3 Influence of Tool Design and Cutting Conditions 8 
2.2.4 Single-Edge (Orthogonal) Cutting 8 
2.2.5 Chip Formation 14 
2.2.5.1 Continuous-Flow 14 
2.2.5.2 Continuous-Shear 14 
2.2.5.3 Discontinuous Chip Formation 15 
2.2.5.4 Observations on Chip Formation 15 
2.2.6 Material Response to Tool Geometry 16 
2.2.7 Interface Contact Conditions 20 
2.2.8 Surface Finish 22 
2.3 Determination of Polymer Toughness 22 
2.3.1 KIC, GIC Determination at Static Test Rates. 22 
2.3.2 J-Fracture Toughness Determination at Static Test Rates. 23 
2.3.3 KIC, GIC Determination at Moderately High Test Rates (up to 1ms-1). 24 
Chapter 3 26 
3 Experimental Materials and Procedure 26 
3.1 Materials 26 
iv 
3.1.1 Introduction 26 
3.1.2 Moisture Absorption 27 
3.1.3 PMMA 28 
3.1.4 Nylon 4/6 28 
3.1.5 Nylon 6/12 28 
3.1.6 Round Robin Materials 28 
3.2 Test Procedures 29 
3.2.1 Introduction 29 
3.2.2 Determination of the Glass Transition Temperature 29 
3.2.3 Determination of the Flexural Modulus 29 
3.2.4 Determination of Tensile Properties at Static Rates 30 
3.2.5 Determination of Tensile Properties at High Rates 33 
3.2.6 Determination of the Fracture Properties at Static and Intermediate Rates 34 
3.2.6.1 SENB Geometry 34 
3.2.6.2 Arc-Shaped Bend Fracture Test 36 
3.2.7 Determination of Fracture Toughness at 1 ms-1 38 
3.2.8 Determination of Thermal Properties 42 
3.2.8.1 Introduction 42 
3.2.8.2 Thermal Imaging 42 
3.2.8.3 Thermal Imaging Specifications 44 
3.3 Cutting Rig Development 45 
3.3.1 Introduction 45 
3.3.2 The Cutting Tool 45 
3.3.2.1 Introduction 45 
3.3.2.2 Initial Force Measurement System 46 
3.3.3 Tri-axial Load Cell 47 
3.3.4 Specimen Holder 49 
3.3.5 Data Acquisition 50 
3.3.6 Load Cell Calibration 51 
3.3.7 Rig Modifications 53 
3.3.7.1 Rotation of the Actuator Arm 53 
3.3.7.2 Measurements of h 54 
3.3.8 Final Rig Setup 55 
3.4 Cutting Test Procedure 56 
3.4.1 Introduction 56 
3.4.2 Test Procedure 56 
Chapter 4 58 
4 Determining the work of cutting 58 
v 
4.1 Introduction 58 
4.2 Williams Model 62 
4.3 Williams-Minimisation Model 65 
4.4 Determination of Material Properties using the Excel Solver Macro 66 
4.5 Validation of Theory 67 
4.6 Concluding Remarks 71 
Chapter 5 72 
5 Results From Standard Tests 72 
5.1 Introduction 72 
5.2 Glass Transition Temperature 73 
5.3 Flexural Modulus 74 
5.4 Tensile Properties 75 
5.4.1 Static Rate (10-4 ms-1) Tensile Tests 75 
5.4.2 High Test Rate (1 ms-1) Tensile Tests 77 
5.5 Fracture Properties 80 
5.5.1 Introduction 80 
5.5.2 Results for PMMA 80 
5.5.3 Results for Nylon 4/6 83 
5.5.4 Results for Nylon 6/12 85 
5.6 Concluding remarks 87 
Chapter 6 88 
6 Results From cutting tests on polymers 88 
6.1 Introduction 88 
6.2 Results of Cutting at 0.01ms-1 89 
6.2.1 Results for PMMA 89 
6.2.2 Results for Nylon 4/6 96 
6.2.3 Results nylon 6/12 102 
6.3 Results of Cutting at 0.1ms-1 108 
6.3.1 Results for PMMA 108 
6.3.2 Results for Nylon 4/6 115 
6.3.3 Results for Nylon 6/12 121 
6.4 Observations into the Temperature Changes During Cutting 127 
6.4.1 Introduction 127 
6.4.2 Result and Discussion 127 
6.5 Round Robin 131 
6.5.1 Introduction 131 
6.5.2 Cutting, SENB and Tensile Test Results 132 
6.5.3 Current Work 135 
vi 
6.6 Concluding Remarks 136 
Chapter 7 137 
7 Results from Analysis on Metal Cutting 137 
7.1 Introduction 137 
7.2 Materials 138 
7.3 Results 138 
7.3.1 SAE 1112 steel 138 
7.3.2 2024-T4 Aluminium Alloy 142 
7.3.3 α-brass 144 
7.4 Concluding Remarks 146 
Chapter 8 147 
8 Discussion of Results 147 
8.1 Introduction 147 
8.2 Discussion of the Polymers Results 148 
8.2.1 Discussion of the Standard (LEFM) Values 148 
8.2.2 Discussion of the Cutting Results for Polymers 149 
8.2.2.1 Fracture Toughness 150 
8.2.2.2 Yield Stress 153 
8.2.2.3 Coefficient of Friction and Adhesion Toughness 159 
8.2.2.4 Shear angle 162 
8.2.3 Discussion of the Round-Robin 164 
8.3 Discussion of Metals Data 166 
8.4 Discussion of the Williams-Minimisation Model 167 
8.5 Concluding Remarks 169 
Chapter 9 170 
9 Conclusions and recommendations for Future work 170 
9.1 Introduction 170 
9.2 Development and Use of the Cutting Tests 171 
9.3 Observations on Cutting and Analysis 172 
9.4 Comparison of Analysis with Standard Results 172 
9.5 Analysis of Metal Data 174 
9.6 Round Robin Results 174 
9.7 Recommendations for Future Work 175 
10 Reference List 176 
11 Appendix A 181 
12 Appendix B 195 
vii 
LIST OF FIGURES 
Figure 1.1: Hobbing process. [1]................................................................................................... 2 
Figure 1.2: (a) Orthogonal cutting and (b) Oblique cutting .......................................................... 2 
Figure 2.1: Modulus as a function of temperature, taken from [5]. .............................................. 6 
Figure 2.2: Stress-Strain curve of different strength thermoplastic materials, [5]. ....................... 6 
Figure 2.3: Effect of cutting speed on the shear strength of polyethylene [4]. ............................. 7 
Figure 2.4: Schematic diagram of cutting. .................................................................................... 8 
Figure 2.5: Mechanics of the orthogonal cutting process showing forces on the tool. Adapted 
from [2]................................................................................................................................. 9 
Figure 2.6: Force distribution during orthogonal cutting.  Adapted from [2]. ............................ 10 
Figure 2.7: Vector sum of the cutting and chip velocity resulting in the shear velocity, [2]. ..... 12 
Figure 2.8: Recorded cutting and normal force, during the machining of HDPE. [4] ................ 13 
Figure 2.9: Chip formation by a continuous-flow mechanism.................................................... 14 
Figure 2.10: Chip morphology, (a) chip bends outwards due to greater resultant force in the 
secondary zone, (b) chip bends inwards due to greater resultant force in the primary zone. 
[4] ....................................................................................................................................... 16 
Figure 2.11 : Development of a cut surface with a negative tool rake angle [5]......................... 17 
Figure 2.12: Development of a cut surface with an excessively large positive tool rake angle [5].
............................................................................................................................................ 17 
Figure 2.13: Critical rake angle results in the direction of the resultant force coinciding with the 
direction of cutting, [5]....................................................................................................... 18 
Figure 2.14: Three regions of heating during orthogonal cutting, [2]......................................... 20 
Figure 2.15:  Frictional force plateaus out after reaching a maximum normal force [22]. ......... 21 
Figure 2.16:  Coefficient of friction as a function of temperature shows a minimum at the glass 
transition temperature. Adapted from [23]. ........................................................................ 21 
Figure 2.17:  The three point bend (SENB) and the compact tension (CT) specimens. ............. 23 
Figure 2.18:  Graph of J versus crack growth data for ABS specimens tested in an ESIS TC4. 
[27]  Data from six laboratories is shown and a power-law fit to the data is shown.......... 24 
Figure 2.19: A load-displacement trace measured in a 1m/s test and the curve-fitted function. 25 
Figure 3.1: Percentage of water loss in (a) PMMA, (b) Nylon 4/6 and (c) Nylon 6/12.............. 27 
Figure 3.2: Three point loading................................................................................................... 30 
Figure 3.3: General tensile dumbbell shape. ............................................................................... 30 
Figure 3.4: Tensile test setup....................................................................................................... 31 
Figure 3.5: Determining the 0.2% offset yield stress. ................................................................. 32 
Figure 3.6: Diagram showing the position in the nylon 6/12 rings from which tensile samples 
were machined.................................................................................................................... 32 
Figure 3.7: SENB test setup. ....................................................................................................... 34 
Figure 3.8: Arc-shaped bend test................................................................................................. 36 
viii 
Figure 3.9: Test setup used to perform high rate fracture toughness test.................................... 38 
Figure 3.10: Typical force-time graph observed during a SENB test at 1 ms-1 showing the 
sinusoidal dynamic effects observed when no damping is used between the specimen and 
the striker. ........................................................................................................................... 39 
Figure 3.11: Typical force-time graph observed during a SENB test at 1 ms-1 with a rubber 
damper. ............................................................................................................................... 39 
Figure 3.12: Mean force-time curve drawn through experimental force-time data [30]............. 40 
Figure 3.13: After the mean load-time curve has been drawn and the initial gradient extended, 
two vertical lines are drawn at times t1 and t2 through the curve and the segments 1'P , 2'P , 
1P  and 2P  are measured [30]. .......................................................................................... 41 
Figure 3.14: Measured temperature of a tensile specimen is highly dependent on the emissivity 
value. .................................................................................................................................. 43 
Figure 3.15: Schematic setup of a thermographic experiment. ................................................... 44 
Figure 3.16: Tool designs. (a) Wedge shaped. (b) Tool with fix rake and clearence angles. ..... 45 
Figure 3.17: Schematic diagram of cutting tool with strain gauges attached (a) front and (b) side 
profile. ................................................................................................................................ 46 
Figure 3.18: Initial calibration results for strain gauges placed on the neutral axis of the tool, 
showing the output voltage measured with a applied force................................................ 47 
Figure 3.19: Preloading of load cell between two titanium blocks by use of a beryllium copper 
stud. .................................................................................................................................... 48 
Figure 3.20: Specimen holder designed to clamp up to 5mm thick and 50mm long material to 
the actuator arm. ................................................................................................................. 49 
Figure 3.21: Horizontally moving lathe table adapted to accommodate the load cell and cutting 
tool...................................................................................................................................... 49 
Figure 3.22: Typical force recording made by the C2008 data acquirer during the cutting of 
nylon 4/6............................................................................................................................. 50 
Figure 3.23: Calibrating the load cell in (a) the cutting direction and (b) the transverse direction.
............................................................................................................................................ 51 
Figure 3.24: Calibration of the load cell. (a) Fc calibration. (b) Ft calibration............................ 52 
Figure 3.25: Schematic diagram showing the actuator arm rotating radially during it vertical 
movement. .......................................................................................................................... 53 
Figure 3.26:Guiding arm clamps on the actuator arm and runs in between a fix rod stopping any 
radial movement. ................................................................................................................ 54 
Figure 3.27: Measurements taken before and after each cut along the cut surface by the vernier 
calliper.  The difference between the average readings gives h. ........................................ 55 
Figure 3.28: Final setup used to perform the orthogonal cutting tests. ....................................... 55 
Figure 4.1: Piispanen’s deck of cards model for material removal. ............................................ 59 
Figure 4.2: Schematic diagram of the forces and geometries involved during cutting. .............. 62 
Figure 4.3: Experimental and fitted values of Fc/b and Ft/b for each test material. .................... 68 
Figure 4.4: S/b against N/b for Polyethylene shows an intercept, suggesting the existence of a 
force in addition to coulomb friction. ................................................................................. 69 
Figure 4.5: Comparison of the shear angles determined by Williams and Kobayashi for each test 
material. .............................................................................................................................. 70 
ix 
Figure 5.1:  DMTA results to determine the Tg........................................................................... 73 
Figure 5.2: Flexural modulus of PMMA, nylon 4/6 and nylon 6/12 as a function of temperature.
............................................................................................................................................ 74 
Figure 5.3: Typical stress-strain curves of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 between 
the temperatures of 23oC and 90oC..................................................................................... 75 
Figure 5.4: Yield stress of the three polymers with varying temperatures.................................. 76 
Figure 5.5: (left) Untested tensile dumbbell; (centre) Specimen would fracture at a temperature 
of 50oC; (right) Specimens show higher ductility at a temperature of 90oC. ..................... 76 
Figure 5.6: typical stress strain curves of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 during 
high rate tensile tests. ......................................................................................................... 77 
Figure 5.7: Yield stresses of PMMA, nylon 4/6 and nylon 6/12................................................. 78 
Figure 5.8: Yield stress of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 during static and high 
rate tensile tests, over a range of temperatures. N.B. PMMA specimens fractured at 23oC 
during static rate tests and up 70oC at high rate tests. ........................................................ 79 
Figure 5.9 (a): Force-time plot of undamped specimen with the true data from fracturing process 
being over shadowed by the dynamic effects, (b): force-time plot of a critical damping, (c): 
force-time plot of overdamping.......................................................................................... 81 
Figure 5.10: GIC versus temperature for PMMA at static, intermediate and high test rates........ 81 
Figure 5.11 GIC versus temperature for nylon 4/6 at static, intermediate and high test rates...... 83 
Figure 5.12: GIC versus temperature for nylon 6/12 at static, intermediate and high test rates... 85 
Figure 6.1: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of PMMA for 
various rake angles at a test rate of 0.01ms-1. ..................................................................... 89 
Figure 6.2: Experimental data points and theoretical values of Fc/b and Ft/b for PMMA for each 
rake angle at a cutting speed of 0.01ms-1.  The lines represent the calculated values. ....... 90 
Figure 6.3: Coefficient of friction for PMMA as a function of rake angle at a cutting rate of 
0.01ms-1. ............................................................................................................................. 92 
Figure 6.4: Yield stress for PMMA as a function of rake angle at a cutting rate of 0.01ms-1..... 92 
Figure 6.5: Fracture and adhesion toughness for PMMA as a function of rake angle at a cutting 
rate of 0.01ms-1. .................................................................................................................. 93 
Figure 6.6: Chips formed at each rake angle and cutting depth for PMMA, at a cutting rate of 
0.01ms-1. ............................................................................................................................. 94 
Figure 6.7: Comparison of the experimental shear angle (φ2) with the theoretical shear angle (φ1) 
for PMMA at a cutting rate of 0.01ms-1. ............................................................................ 95 
Figure 6.8: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 4/6 for 
various rake angles at a test rate of 0.01ms-1. ..................................................................... 96 
Figure 6.9: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 4/6 for 
each rake angle at a cutting speed of 0.01ms-1.  The lines represent the calculated values.97 
Figure 6.10: Coefficient of friction for nylon 4/6 as a function of rake angle at a cutting rate of 
0.01ms-1. ............................................................................................................................. 98 
Figure 6.11: Yield stress for nylon 4/6 as a function of rake angle at a cutting rate of 0.01ms-1.99 
Figure 6.12: Fracture and adhesion toughness for nylon 4/6 as a function of rake angle at a 
cutting rate of 0.01ms-1. ...................................................................................................... 99 
x 
Figure 6.13: Chips formed at each rake angle and cutting depth for nylon 4/6, at a cutting rate of 
0.01ms-1. ........................................................................................................................... 100 
Figure 6.14: Comparison of the experimental shear angle (φ2) with the theoretical shear angle 
(φ1) for nylon 4/6 at a cutting rate of 0.01ms-1. ................................................................ 101 
Figure 6.15: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 6/12 
for various rake angles at a test rate of 0.01ms-1. ............................................................. 102 
Figure 6.16: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 6/12 for 
each rake angle at a cutting speed of 0.01ms-1. ................................................................ 103 
Figure 6.17: Coefficient of friction for nylon 6/12 as a function of rake angle at a cutting rate of 
0.01ms-1. ........................................................................................................................... 104 
Figure 6.18: Yield stress for nylon 6/12 as a function of rake angle at a cutting rate of 0.01ms-1.
.......................................................................................................................................... 105 
Figure 6.19: Fracture and adhesion toughness for nylon 6/12 as a function of rake angle at a 
cutting rate of 0.01ms-1. .................................................................................................... 105 
Figure 6.20: Chips formed at each rake angle and cutting depth for nylon 6/12, , at a cutting rate 
of 0.01ms-1 ........................................................................................................................ 106 
Figure 6.21: Comparison of the experimental shear angle (φ2) with the calculated shear angle 
(φ1) for nylon 6/12 at a cutting rate of 0.01ms-1. .............................................................. 107 
Figure 6.22: Plot of cutting force and transverse force versus time for PMMA at a rate of    
0.1ms-1. A 0.2mm cut was taken....................................................................................... 108 
Figure 6.23: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of PMMA for 
various rake angles at a test rate of 0.1ms-1. ..................................................................... 109 
Figure 6.24: Experimental data points and theoretical values of Fc/b and Ft/b for PMMA for 
each rake angle at a cutting speed of 0.1ms-1. .................................................................. 110 
Figure 6.25: Coefficient of friction for PMMA at a cutting rate of 0.1ms-1.............................. 111 
Figure 6.26: Yield stress for PMMA at a cutting rate of 0.1ms-1. ............................................. 112 
Figure 6.27: Fracture and adhesion toughness for PMMA at a cutting rate of 0.1ms-1............. 112 
Figure 6.28: Chips formed at each rake angle and cutting depth for PMMA, at a cutting rate of 
0.1ms-1............................................................................................................................... 113 
Figure 6.29: Comparison of the experimental shear angle (φ2) with the calculated shear angle 
(φ1) for PMMA at a cutting rate of 0.1ms-1. ..................................................................... 114 
Figure 6.30: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 4/6 for 
various rake angles at a test rate of 0.1ms-1. ..................................................................... 115 
Figure 6.31: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 4/6 for 
each rake angle at a cutting speed of 0.1ms-1. .................................................................. 116 
Figure 6.32: Coefficient of friction for nylon 4/6 as a function of rake angle at a cutting rate of 
0.1ms-1. ............................................................................................................................. 118 
Figure 6.33: Yield stress for nylon 4/6 as a function of rake angle at a cutting rate of 0.1ms-1.118 
Figure 6.34: Fracture and adhesion toughness for nylon 4/6 as a function of rake angle at a 
cutting rate of 0.1ms-1. ...................................................................................................... 119 
Figure 6.35: Chips formed at each rake angle and cutting depth for nylon 4/6, at a cutting rate of 
0.1ms-1............................................................................................................................... 119 
xi 
Figure 6.36: Comparison of the experimental shear angle (φ2) with the theoretical shear angle 
(φ1) for nylon 4/6 at a cutting rate of 0.1ms-1. .................................................................. 120 
Figure 6.37: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 6/12 
for various rake angles at a test rate of 0.1ms-1. ............................................................... 121 
Figure 6.38: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 6/12 for 
each rake angle at a cutting speed of 0.1ms-1. .................................................................. 122 
Figure 6.39: Coefficient of friction for nylon 6/12 as a function of rake angle at a cutting rate of 
0.1ms-1. ............................................................................................................................. 123 
Figure 6.40: Yield stress for nylon 6/12 as a function of rake angle at a cutting rate of 0.1ms-1.
.......................................................................................................................................... 124 
Figure 6.41: Fracture and adhesion toughness for nylon 6/12 as a function of rake angle at a 
cutting rate of   0.1ms-1. .................................................................................................... 124 
Figure 6.42: Chips formed at each rake angle and cutting depth for nylon 6/12, at a cutting rate 
of 0.1ms-1. ......................................................................................................................... 125 
Figure 6.43: Comparison of the experimental shear angle (φ2) with the calculated shear angle 
(φ1) for nylon 6/12 at a cutting rate of 0.1ms-1. ................................................................ 126 
Figure 6.44: Thermal imaging of the cutting procedure. .......................................................... 127 
Figure 6.45: Measured temperature of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 at the point 
of shear during cutting at a rate of 0.01ms-1. .................................................................... 129 
Figure 6.46: Measured temperature of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 at the point 
of shear during cutting at a rate of 0.1ms-1. ...................................................................... 130 
Figure 6.47: Comparison of the experimental shear angle (φ2) with the theoretically shear angle 
(φ1) for LLDPE at a cutting rate of 0.1ms-1. ..................................................................... 134 
Figure 7.1: Experimental and theoretical values of Fc/b and Ft/b for steel cutting for rake angles 
of 5o and 40o at a cutting speed of 0.1ms-1. Data from [7]................................................ 139 
Figure 7.2: Coefficient of friction versus rake angle for steel at two cutting rates of 0.1 ms-1 and 
0.46ms-1. ........................................................................................................................... 140 
Figure 7.3: Yield stress versus rake angle for steel at two cutting rates of 0.1 ms-1 and 0.46ms-1.
.......................................................................................................................................... 140 
Figure 7.4: Values Gc and Ga versus rake angle for steel at a cutting rate of 0.1ms-1. .............. 141 
Figure 7.5: Values Gc and Ga versus rake angle for steel at a cutting rate of 0.46ms-1. ............ 141 
Figure 7.6: Comparison of the experimental shear angle (φ2) with the theoretical shear angle (φ1) 
for steel at a cutting rate of 0.1 ms-1 for rake angles of (a) 5o and (b) 40o. ....................... 142 
Figure 7.7: Experimental and theoretical values of Fc/b and Ft/b for aluminium for rake angles 
of 5o and 40o at a cutting speed of 0.1ms-1. Data from [7]................................................ 143 
Figure 7.8: Experimental and theoretical values of Fc/b and Ft/b for α-brass for rake angles of 
20o and 40o at a cutting speed of 0.1ms-1. Data from [7]. ................................................. 145 
Figure 8.1: Fracture surfaces of nylon 4/6 produced at; static rate (left), intermediate rate 
(centre) and high rate (right) tests at 70OC. ...................................................................... 148 
Figure 8.2: Fracture surfaces of nylon 6/12 produced at; static rate (left), intermediate rate 
(centre) and high rate (right) tests at 70OC. ...................................................................... 149 
Figure 8.3: Comparison of fracture toughness results determined from cutting and SENB tests 
for (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12.............................................................. 151 
xii 
Figure 8.4: Schematic diagram showing (a) cutting tool touching the crack tip and (b) ‘blunt-
tool cutting........................................................................................................................ 152 
Figure 8.5: Chip curvature is observed during the cutting of nylon 4/6 at a cutting depth of 
0.13mm............................................................................................................................. 154 
Figure 8.6: (a) Chip moves directly up the rake face. (b) Chip curls inwards during cutting. .. 155 
Figure 8.7: Radius of curvature versus depth of cut determined via chip image analysis for a) 
PMMA, b) Nylon 4/6 and c) Nylon 6/12.......................................................................... 156 
Figure 8.8: Compression tests performed on HIPS, Nylon 4/6 and LLDPE with the power law 
fitted curve........................................................................................................................ 158 
Figure 8.9: PMMA chip formation transition, from continuous to discontinuous. ................... 161 
Figure 8.10: Contact length between HIPS chips and the rake surface at cutting depths of 
0.17mm and 0.21mm at a velocity of 0.1ms-1. ................................................................. 162 
Figure 8.11: Time delayed images of the cutting process of HIPS at a cutting rate of 0.01ms-1 
and for a depth of cut h = 0.25mm. .................................................................................. 164 
Figure 8.12: Time delayed images of the cutting process of LLDPE for a depth of cut, 
h=0.18mm......................................................................................................................... 165 
Figure 8.13: Time delay images giving evidence of residual stresses and their relaxation with 
time acting on LLDPE...................................................................................................... 166 
 
xiii 
LIST OF TABLES 
Table 3.1: Specimen dimensions as defined in Figure 3.3 for tensile tests for PMMA, nylon 4/6 
and nylon 6/12. ................................................................................................................... 33 
Table 3.2: Specimen sizes used for Fracture toughness tests for the PMMA and nylon 4/6 
specimens. .......................................................................................................................... 36 
Table 3.3: Specimen dimensions for the nylon 6/12 arc shaped SENB specimens. ................... 37 
Table 3.4: 260A12 tri-axial load cell specifications.................................................................... 48 
Table 4.1: Summary of results found by tests performed by Kobayashi. ................................... 67 
Table 4.2: Summary of results determined for the material detailed in [2] using the Williams 
model. ................................................................................................................................. 69 
Table 5.1: Specimen sizes used for DMTA testing to determine the Tg. .................................... 73 
Table 5.2: Glass transition temperature of the candidate materials............................................. 73 
Table 5.3: Specimen sizes used for flexural modulus tests for PMMA, nylon 4/6 and nylon 6/12.
............................................................................................................................................ 74 
Table 5.4: Yield stress of PMMA, nylon 4/6 and nylon 6/12 determined at static and high test 
rates. ................................................................................................................................... 78 
Table 5.5: KIC and GIC values for PMMA at static, intermediate and high test rates. ................. 82 
Table 5.6: KIC and GIC values for nylon 4/6 at static, intermediate and high test rates. .............. 84 
Table 5.7: KIC and GIC values for nylon 6/12 at static, intermediate and high test rates. ............ 86 
Table 6.1: Results for PMMA at a cutting rate of 0.01ms-1. ....................................................... 91 
Table 6.2: Material properties for nylon 4/6 at a cutting rate of 0.01ms-1................................... 98 
Table 6.3: Material properties for nylon 6/12 at a cutting rate of 0.01ms-1............................... 104 
Table 6.4: Material properties deduced for PMMA at a cutting rate of 0.1ms-1. ...................... 111 
Table 6.5: Material properties deduced for nylon 4/6 at a cutting rate of 0.1ms-1. ................... 117 
Table 6.6: Material properties for nylon 6/12 at a cutting rate of 0.1ms-1................................. 123 
Table 6.7: Material properties for (a) HIPS, (b) ABS and (c) LLDPE at a cutting rate of 0.01ms-
1......................................................................................................................................... 133 
Table 6.8: Summary of material properties determined from SENB and Tensile tests. ........... 135 
Table 7.1: Summary of 2024 Aluminium alloy and SAE 1112 steel........................................ 138 
Table 7.2: Material properties determined for steel at cutting rates of 0.1 and 0.46ms-1. ......... 139 
Table 7.3: Comparison of the results from the steel cutting analysis with reference values..... 142 
Table 7.4: Material properties determined for aluminium alloy at each rake angle at a cutting 
speeds of 2.9 ms-1 and 4ms-1............................................................................................. 143 
Table 7.5: Comparison of material properties determined for aluminium alloy from the analysis 
with reference values. ....................................................................................................... 144 
Table 7.6: Material properties for α-brass at a cutting rate of 2.9ms-1...................................... 145 
xiv 
Table 8.1: Average strains exerted on chips at each test rake angle. ........................................ 155 
Table 8.2: Comparison of yield stress values determined from the power law fit with those 
determined from compression tests and cutting. .............................................................. 159 
Table 8.3: Comparison of coefficient of friction determined from the cutting analysis with static 
friction tests. ..................................................................................................................... 160 
Table 8.4: Comparison of the shear angles determined experimentally and theoretically for steel.
.......................................................................................................................................... 163 
Table 8.5: Comparison of shear angles determined theoretically (φ1) and experimentally (φ2) for 
a-brass and steel................................................................................................................ 167 
Table 8.6: Comparison of the Williams model with the Williams-Minimisation Model.......... 168 
 
xv 
NOMENCLATURE 
 
 English Alphabet 
a Crack length 
A Cross-sectional Area 
Aa Apparent area of contact 
Ar Real area of contact 
As Area of shear plane 
b Specimen width 
bn Specimen neck width 
bw Wien’s displacement constant 
c Speed of light 
Co Compliance 
d Specimen thickness 
E Tensile modulus 
e Emissivity 
Ef Flexural modulus 
Efract Modulus determined from fracture 
Estiff Stiffness modulus 
Fc Force in the direction of cut 
Fns Force component perpendicular to 
the shear plane 
Fs Force component along shear plane 
Ft Force perpendicular to the direction 
of cut 
G Gain of amplifier 
g Positive fitting parameter 
Ga Adhesion toughness 
Gc Fracture toughness 
GF Gauge factor 
GQ Critical energy release rate 
h Depth of cut 
hc Chip thickness 
  
  
  
  
hcr Critical depth of cut 
hp Planck’s constant 
I(λ, T) Spectral radiance 
j* total energy radiated per unit 
surface area 
J0.2 J-Fracture toughness at 0.2 crack 
growth 
JC J-fracture toughness 
k Boltzmann’s constant 
KIC Critical stress intensity factor 
KQ Stress intensity factor 
l Slip plane 
L Support span length 
m Gradient of force-time graph 
n Power law fitter parameter 
N Force acting perpendicular to the 
rake surface 
P Applied force 
PMAX Maximum load to fracture 
PQ Force at 95% compliance 
'
nP  
nP  
Force at time tn 
R Resultant force 
r Ratio between h and hc 
R1 Internal diameter 
R2 External diameter 
Rc Cross-head speed 
rp Radius of plastic zone 
 
xvi 
  
S Force acting parallel to the rake 
surface 
t Time 
T Temperature 
Tg Glass transition temperature 
u 
us 
uf 
Energy per unit volume 
V Cutting velocity 
Vc Chip velocity 
VIN Supply voltage 
VOUT Output voltage  
Vs Shear velocity 
W Specimen height  
Watm 
Wobj 
Wref 
Wtot 
Radiation 
bt Tool width 
Ws Work per unit area 
GIC Mode I fracture toughness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Greek alphabet 
ε  Strain rate 
α Rake angle 
β Frictional angle 
δ Material damping properties 
ε Strain 
εS Shear strain 
εY Yield strain 
φ Shear angle 
ϕ Positive fitting parameter 
λ Wavelength 
μ Coefficient of friction 
σ Stress 
σs Shear stress 
σY Yield stress 
σ∗ Stefan-Boltzmann constant 
τ Atmospheric transmittance 
τns Normal stress on shear plane 
τs Mean stress on shear plane 
υ Poisson’s ratio 
ω Clearance angle 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
xvii 
 Abbreviations  
ABS Acrylonitrile Butadiene Styrene 
AC Acetal 
CT Compact Tension 
DMTA Dynamic Mechanical Thermal 
Analysis 
DSC Differential scanning 
calorimetry  
ESIS European Structural Integrity 
Society 
FEM Finite Element Method 
HDPE High density Polyethylene 
HIPS High Impact Polystyrene 
HSS high Speed Steel 
ISO International Standards 
Organisation 
LDPE Low density Polyethylene 
LEFM Linear elastic fracture 
mechanics  
LLDPE Linear Low Density 
Polyethylene 
NLEFM Non Linear elastic fracture 
mechanics 
PA Polyamide Nylon 
PC Polycarbonate 
PE Polyethylene 
PMMA Polymethylmethacrylate  
PP Polypropylene 
SENB Single Edge Notched Bend 
  
 
 
                                                                                                                         Introduction 
1 
Chapter 1 
1 INTRODUCTION 
1.1 Overview 
Increased polymer usage in the automotive industry has led to the requirement of manufacturing 
these components with a high level of accuracy.  A common method of manufacturing polymer 
components include moulding techniques, but these processes can be somewhat restrictive and 
do not give the same dimensional precision that can be achieved by machining. 
  
Polymers are fast becoming the material of choice for power steering gears.  A detailed 
understanding of polymer properties and their behaviour is important when machining.  The 
major underlying problem with the use of polymers as gear components is the need to attain a 
high precision and quality of gear, otherwise the surfaces of the teeth are left rough and weak; 
resulting in a shorter life cycle than expected.  Also, it provides information on the polymer as 
to how it will behave whilst in operation.  By having full knowledge of the material behaviour, 
the manufacturing industry can select the optimum conditions for machining.  
 
Current methods of machining gear teeth include hobbing.  This is when gear teeth are 
generated by rotating a hobbing tool and a gear blank against each other, as shown in Figure 
1.1. 
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Figure 1.1: Hobbing process. [1]. 
 
Material removal usually occurs as schematically shown in Figure 1.2.  The process is classified 
by two categories, namely orthogonal and oblique cutting (Figure 1.2(a) and (b) respectively).  
In both cases the cutting tool is illustrated as a wedge.  In orthogonal cutting the tool edge is 
normal to the cutting and feed direction.  In oblique cutting the tool edge is inclined at an angle i 
to the normal direction of cutting.  Although in most industrial machining processes, oblique 
cutting takes place it is orthogonal cutting which has been studied in depth as it is fundamental 
to understanding all other means of cutting. [2].  
 
 
Figure 1.2: (a) Orthogonal cutting and (b) Oblique cutting 
Polymer  
Gear 
Gear 
teeth 
Hobbing 
cutter 
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Machining is a highly non-linear process.  Studying such a process is a task involving complex 
mechanisms under extreme conditions such as inelastic deformation, high temperatures, high 
strain rates, strain hardening and extreme contact conditions [3]. 
 
Machining of polymers is becoming more common in component production [4] either when 
there is a need to attain higher dimensional precision than is possible with moulding techniques 
or when small scale production does not justify the large mould tooling costs.  A key 
requirement with machined parts is usually the production of a high quality surface finish with 
sufficient smoothness and the absence of undesirable tool marks.  According to Carr and Feger 
[5] the factors that influence the quality of a machined component can be split into three groups.  
These deal with the machine and environmental variables which include slide straightness, 
temperature stability and vibration isolation.  Although these factors have been studied quite 
extensively for metal cutting, little work has been done to understand how they affect polymers.  
The second group is associated with the machine tool design and cutting conditions such as rake 
angle, tip radius, depth of cut and cutting speed.  These factors have been studied extensively by 
Kobayashi [2] and they can affect the surface roughness, chip formation, tool wear and the 
gumming and burning of the polymer material.  The final group deals more with the physical 
and chemical properties of the polymer including the visco-elastic properties.   
1.2 Aims and Objectives of the Work 
Machining is essentially a fast fracture process and therefore the overall objective of this work 
is to understand how machining relates to basic fracture properties of polymers.  This will be 
done as follows; (i) to develop an appropriate test rig to perform orthogonal cutting in which the 
cutting depths, the parallel and transverse forces and the off-cut chip thickness could be 
measured, (ii) to apply these data to a new cutting analysis such that the fracture toughness and 
yield stress of the material can be deduced along with the coefficient of friction and adhesion 
toughness at the tool-chip interface, (iii) to compare these parameters determined from cutting 
with known values from standard tests, (iv) to explore the possibility of the application of the 
cutting analysis to metal data and (v) to investigate the repeatability and reproducibility of the 
cutting method in a round robin exercise.   
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1.3 Thesis Outline 
This thesis is divided into nine chapters including this introductory chapter.   
 
Chapter 2 gives a brief introduction to general polymer properties, reviews the literature on 
machining and discuses standard test methods and theoretical analyses for the determination of 
fracture toughness.   
 
Chapter 3 describes the materials used in this study, as well as the methods used in the 
determination of their properties.  This chapter also discusses the development of a test setup 
and procedure which would enable cutting experiments to be conducted. 
 
Chapter 4 describes the new experimental method developed to perform cutting tests.  The 
analysis of Williams [6] will be critically explored in this chapter.  
 
Chapter 5 presents the results and discuses the material properties determined from standard 
flexural, SENB and tensile tests on the candidate materials at varying temperatures and speeds.  
 
Chapter 6 is a study on the validation of the theoretical model and the results of cutting tests 
performed on the candidate materials.  Also, the effects of temperature change during 
machining are discussed.  This chapter also presents the findings of a round robin exercise 
devised to standardise these cutting tests and determine material properties from cutting.  This 
round focuses on the experimental setup and repeatability of the tests.  
 
Chapter 7 presents the results determined from the analysis on data from cutting tests performed 
on metals, taken from [7]. 
 
Chapter 8 discusses the results determined from the cutting analysing with those determined 
from standard SENB and tensile tests.  
 
Finally, Chapter 9 presents the main conclusions of the work conducted in this thesis and 
indicates some possible directions for further research.  
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Chapter 2 
2 LITERATURE REVIEW 
2.1 Introduction 
The orthogonal cutting process requires the consideration of many different areas, ranging from 
the properties of the material being cut to the mechanics behind the machining process.  This 
chapter contains a review of the literature related to machining and polymer toughness 
determination.  This will be followed a review of the work of cutting in Chapter 4.     
2.2 Machining of Polymers  
2.2.1 Introduction  
This section summarises the variables encountered during the machining of polymers.  The 
cutting process is highly dependent on the physical and mechanical properties during the cutting 
process, to the cutting angles, to all of the above affect the chip formation and the surface finish 
of the material.  
2.2.2 Influence of Polymer Properties on Machining 
An early study by Smith [8] investigated the relationship between the glass transition 
temperature Tg, and surface finish of amorphous thermoplastics (Figure 2.1).   
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Figure 2.1: Modulus as a function of temperature, taken from [5]. 
 
It was found that if the temperature of the cutting zone exceeded the glass transition 
temperature, a good surface finish could be achieved as the material was removed in a ductile 
manner.  This occurs because above Tg the material is in a rubber like state with a 
correspondingly low yield strength, as shown in Figure 2.2. Otherwise a rough finish was 
achieved as the material is below Tg and in the glassy state.  This is then characterized by brittle 
fracture with low elongation and high moduli.  This type of behaviour tends to be observed at 
low tool speeds where there is little heating.   
 
Figure 2.2: Stress-Strain curve of different strength thermoplastic materials, [5]. 
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More recently, Carr and Feger [5] reported on a more detailed study into these effects.  They 
found that polymers were machined in either a ductile, brittle or transitional manner that 
depended not only on their Tg, but also on relaxation time, degree of cross-linking and visco-
elastic response.  They described the Time-Temperature Superposition Principle.  The theory of 
polymer visco-elasticity describes how a polymer responds to a disturbance of an applied load.  
These disturbances can be described in the time, or temperature domain.  At a given 
temperature, a polymer has a fixed response time that is related to the sum of all its molecular 
movements, (i.e. vibrational, rotational and translational).  This relaxation time decreases with 
an increase in temperature and this can be thought of as a change in hardness, with the material 
becoming softer and more ductile with increasing temperature.  Although cross-linking of 
polymers increases the glass transition temperature [9], Carr and Feger found that cross-linked 
materials above their Tg would always rupture and fracture, leaving a rough surface due to the 
inability of the material to deform or flow over long distances.  Polymer viscosity is a measure 
of the resistance to flow and the mechanical properties of a polymer can change considerably 
during cutting.  Shear stress is a stress state where the shape of a material tends to change 
without change in volume and is measured by the tangential force divided by the area, [10].  
The shear stress increases with strain rate but decreases with temperature.  This was shown by 
tests performed by Xiao and Zhang [4], who performed machining tests on high and low density 
polyethylene, HDPE and LDPE respectively.  They measured the shear stress at different strain 
rates (cutting speeds) and concluded that an increase in shear stress led to a smoother surface 
finish, as shown in Figure 2.3. 
 
Figure 2.3: Effect of cutting speed on the shear strength of polyethylene [4]. 
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2.2.3 Influence of Tool Design and Cutting Conditions 
Although metal cutting tools can be used to cut polymers, a specific tool design and geometry 
will perform better and result in a higher quality of surface finish.  A tool performing a cut is 
shown schematically in Figure 2.4. 
 
 
 
Figure 2.4: Schematic diagram of cutting.  
 
The rake angle, α, has a major effect on the type of chip formed and thus on the quality of the 
work-piece surface.  Figure 2.4 shows a tool with a positive rake angle.  Changes in this angle 
can lead to various types of chips being formed.  Experiments on cutting metals with negative 
rake angles (where the front face of the tool leans in the direction of cut) have been performed 
by various workers, [11-14], their results showed that compared with cutting with positive rake 
angles, the forces measured were higher and the chips formed were serrated and discontinuous, 
leading to a rough surface finish.  Alauddin [15], found that as the rake angle increased from 
negative to positive, the normal cutting forces were reduced and the direction resultant force on 
the workpiece changed from downwards to upwards, leading to a smoother surface finish.   
 
The relief, or clearance angle, ω, as showing in Figure 2.4, affects the tool wear and surface 
finish.  As more of the tool runs along the cut surface (smaller clearance angles) it can leave 
marks and can damage the surface.  The surface finish also depends on the sharpness of the 
cutting tip.  In one study Malak et al. found that a tool cutting tip radius of less then 35 μm was 
required for cutting polyurethane foam [16], this indicates that the crack opening displacement 
of the foam is greater than 35 μm and therefore crack tip touch of the tool can be achieved.  
2.2.4 Single-Edge (Orthogonal) Cutting 
Kobayashi stated that understanding the cutting by a single edge was an important first step in 
developing a better understanding for the machining of plastics, [2].  He, along with Xiao and 
Tool 
Chip 
Workpiece 
α 
ω 
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Zhang [4] analysed the mechanics of the orthogonal cutting process.  Figure 2.5 shows the 
forces acting on the cutting tool during cutting with a positive rake angle.  
 
 
Figure 2.5: Mechanics of the orthogonal cutting process showing forces on the tool. Adapted 
from [2]. 
 
The resultant force on the tool during cutting has two basic components, Fc and Ft.  Fc is the 
force in the direction of tool travel and determines the amount of work required to move the 
cutting tool a given distance.  The component Ft, the force perpendicular to the cutting 
direction, does no direct work but both components produce deflections of the material during 
cutting along and perpendicular to the cutting direction.  On the leading surface of the tool (also 
known as the rake surface), the forces S and N act on the tool as the chip slides over the surface.  
N is the normal force, and S the shear force on the tool surface, and the ratio of S to N, is μ, i.e. 
as the coefficient of friction between the chip and tool.  From the force equilibrium diagram 
(shown in Figure 2.5) the following equations can be derived, [2]; 
 
αα cossin tc FFS +=  Equation 2.1
 
 
αα sincos tc FFN −=  Equation 2.2
N
S== βμ tan  Equation 2.3
Fc 
h
hc 
α 
Ft 
R
β 
N
S
(β−α) 
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where, α is the rake angle and β is the so-called “friction angle”.  Thus β – α is the angle 
between the resultant cutting force and the direction of tool travel.  
 
The undeformed chip thickness (or depth of cut) is h and the cut chip thickness is hc, as shown 
in Figure 2.6.  During the orthogonal cutting of metals, it was found that the chips were always 
thicker and shorter than the cut taken off.  This suggested that cutting involves a shearing 
mechanism, which was found to be also true for plastics and depended on the cutting conditions.  
Figure 2.6 shows the force equilibrium when a shear plane is formed [2]. 
 
 
Figure 2.6: Force distribution during orthogonal cutting.  Adapted from [2]. 
 
The shear angle, φ is the angle between the directions of flow along the slip plane cutting 
direction.  It is the most important factor in cutting by the shearing process and can be obtained 
by measuring the chip thickness ratio r, i.e. the ratio between h and hc, [2], 
 
Rearranging gives,  
 
( ) ( )αφ
φ
αφ
φ
−=−== cos
sin
cos
sin
AB
AB
h
hr
c
 Equation 2.4
α
αφ
sin1
costan
r
r
−=  Equation 2.5
Fc 
h
hc 
α 
Ft 
B 
A 
Fns 
φ Fs 
R
β 
N
S
(β−α) 
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The force component along the shear plane Fs and component perpendicular to the shear plane 
Fns can be calculated from the equilibrium equations; 
 
This analysis is based on a number of assumptions, (i) the tool’s cutting edge is perfectly sharp 
and straight, cuts chip perpendicular to the direction motion and with a width greater than that 
of the workpiece, (ii) the shear surface is a plane extending upward from the cutting edge, (iii) 
the cutting edge generates a plane surface and a constant depth of cut as the workpiece moves 
past it with a uniform velocity, (iv) a continuous chip is formed without a built-up edge, (v) the 
chip does not flow to either side and (vi) there is no contact between the clearance surface of the 
tool and the workpiece.  
 
The area of the shear plane As, is, 
 
The mean and normal stresses on the shear plane, τs and τns respectively, can then be determined 
by, 
 
 
In addition, there are three velocities of interest during machining, the velocity of the tool 
relative to the workpiece parallel to Fc, known as the cutting velocity V, the chip velocity Vc, 
which is the velocity of the chip relative to the tool along the rake surface of the tool and the 
shear velocity Vs, which is the velocity of the chip relative to the workpiece along the shear 
plane.  Kinematic principles show that the vector sum of the cutting velocity and chip velocity is 
equal to the shear velocity, shown in Figure 2.7. 
φφ sincos tcs FFF −=  Equation 2.6
( )αβφφφ −+=+= tancossin stcns FFFF  Equation 2.7
bhAs φsin=  Equation 2.8
( )
bh
FF
A
F tc
s
s
s
φφφτ sinsincos −==  Equation 2.9
( )
bh
FF
A
F tc
s
ns
ns
φφφτ sincossin +==  Equation 2.10
                                                                                                                Literature Review 
12 
 
Figure 2.7: Vector sum of the cutting and chip velocity resulting in the shear velocity, [2]. 
 
 
 
The total energy per unit volume of material removed in orthogonal cutting can be calculated by 
the equation,  
 
Similarly, the shear and friction energy per unit volume us and uf respectively can also be 
calculated, 
 
 
( ) rVVVc =−= αφ
φ
cos
sin
 Equation 2.11
( )VVs αφ
α
−= cos
cos
 Equation 2.12
bh
F
Vbh
VF
u cc ==  Equation 2.13
⎟⎟⎠
⎞⎜⎜⎝
⎛== φτ sinV
V
Vbh
VFu sssss  Equation 2.14
c
f
SV Sru
Vbh bh
= =  Equation 2.15
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Xiao and Zhang measured the cutting and normal forces, Fc and Ft respectively, when cutting 
HDPE, the results are shown in Figure 2.8.  The forces remained approximately constant after 
an initial peak, which was associated with the impact between the tool and the workpiece.  
 
Figure 2.8: Recorded cutting and normal force, during the machining of HDPE. [4] 
 
Karri [17] applied the theories on metal cutting to plastics, namely to filled cast nylon with MoS 
(molybdenum disulphide) and vegetable oil (VVS) fillers.  The experiments were run on a 
universal milling machine using a straight edged high strength steel wedge tools and a 
dynamometer and recording system.  Karri found that the qualitative trends in the values of cut 
thickness were similar to metals.  It was also found that the forces involved in cutting nylon 
increased linearly with the cut thickness.  A positive intercept to plots of Ft and Fc values versus 
cut thickness, h, were also observed and it was suggested that these were indicative of the 
existence of edge forces in machining.  This is a secondary process at the boundary between the 
tool and work piece due to rubbing and ploughing [17].  Karri also found that the forces 
measured were independent of speed which would suggest that the forces could be predicted for 
any cut geometry.  These results were contrary to the findings of Kobayashi [2], and Xiao and 
Zhang [4] who found that the cutting forces decreased with an increase in cutting speed whilst 
cutting nylon 6, 6/6 and 6/10 and also HDPE and LDPE.  These contradictory results could be 
due to the material properties, which would support the conclusions made by Kobayashi about 
the cutting conditions and tool geometry having to be determined for each material separately 
for the best results. 
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2.2.5 Chip Formation 
Various mechanisms of chip formation have been identified and these are dependant upon the 
material properties of the workpiece and the cutting conditions, which mechanisms are active 
will determine the smoothness of the cut and hence the surface finish.  Chip formation occurs 
due to the shearing of the workpiece material along the slip plane, as shown betweens point A-B 
in Figure 2.6. 
 
Kobayashi [2] placed great emphasis on the condition and continuity of chips in determining the 
machinability of various polymers and used these to predict surface roughness.  Two main types 
of chip formation were identified which were termed continuous and discontinuous.  
Continuous chips were further sub-divided into the curl, flow and shear types.  Discontinuous 
chips were sub-divided into the crack or tear types and latterly into simple shear, complex or 
crack types.  These are now briefly reviewed. 
2.2.5.1 Continuous-Flow 
This type of chip formation is smooth and continuous and is depicted in Figure 2.9.  The chips 
are mainly produced by elastic deformation and do not fracture at the shear plane (Figure 2.6).  
There is little fluctuation in the cutting force and the surface roughness is small. These chips are 
produced at relatively low cutting speeds when a material shows high elasticity and little 
curvature, [2]. 
 
 
Figure 2.9: Chip formation by a continuous-flow mechanism. 
 
2.2.5.2 Continuous-Shear 
With this type of chip, a shear plane is generated upwards from the point of the cutting tool and 
will be produced in the direction of the minimum work required to form the chip. The chip is 
produced when the shear strain on the shear plane is smaller than the limiting rupture strain, [2]. 
The shear intervals are small allowing the chip to be continuous. This form of chip is similar to 
the continuous-flow type in metal cutting and is a commonly observed when machining plastics. 
This type of chip also leads to a good quality cut surface.  
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2.2.5.3 Discontinuous Chip Formation  
Unlike continuous chips, discontinuous chips break off at regular intervals.  These chips are 
produced in the same manner as the continuous-shear chips but now the shear strain is larger 
than the limiting rupture strain and so the chips break off.  This leads to a very rough surface 
finish [2]. 
 
A discontinuous-complex chip is produced by a “sticky” cutting action.  Large compressive 
stresses, along with a shear strain during cutting with a negative rake angle leave an excessively 
rough surface. 
 
Discontinuous-crack chips are observed in cutting brittle materials with a large rake angle and a 
large depth of cut.  The chip leaves “hackle marks” on the surface of the cut surface and can be 
similar to those found on a fractured surface of a hard, brittle material such as glass.   
2.2.5.4 Observations on Chip Formation 
Xiao and Zhang [4] managed to obtain continuous chips whilst cutting LDPE and HDPE with a 
tool rake angle of 20o.  They observed that the chips produced from LDPE curled inwards whilst 
the HDPE chips curled in the opposite direction.  This phenomenon was explained by 
considering the shear forces acting on the deformation zones.   
 
According to [4] there are two main deformation zones during chip formation which were called 
the primary and secondary zones (Figure 2.10).  To accommodate the deformation caused by the 
change in material flow direction, a shear deformation occurs in the primary zone.  When the 
shear stress exceeds the shear yielding strength of the material, plastic shear deformation takes 
place, leaving a shear deformation band across the chip.  Such plastic shear deformation occurs 
on the shear planes in the direction of the tool movement, thus bending the chip outwards as 
shown in Figure 2.10(a).  In the secondary zone, plastic deformation and compressive residual 
stresses twist the chip inwards as shown in Figure 2.10(b).   
 
Therefore, the final twisting direction of the chip is determined by the resultant effect of the two 
factors.  Xiao and Zhang found that due to the large elongation of LDPE before yielding, the 
shear deformation in the primary zone could be elastic with little plastic shear deformation in 
the chip however, due to LDPE’s low melting point, the plastic deformation in the secondary 
zone could be considerable causing the chip to curl inwards.  
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Figure 2.10: Chip morphology, (a) chip bends outwards due to greater resultant force in the 
secondary zone, (b) chip bends inwards due to greater resultant force in the primary zone. [4] 
 
2.2.6 Material Response to Tool Geometry 
Chip formation and surface finish are related to many other factors, tool geometry being one.  
The rake angle on the cutting tool mainly determines the type of chip produced and the 
smoothness of the cut surface.  Kobayashi [2], agreed with the finding of Alauddin [15], and 
also found that the tool geometry influenced the chip type, the magnitude and the direction of 
the cutting forces.  Therefore, in general if a tool with a negative rake angle were to be used 
there would be a large resultant downward force, potentially leading to cracks extending 
downwards into the bulk of the material.  This behaviour is shown in Figure 2.11.  
 
Chip curl direction 
Chip curl direction 
                                                                                                                Literature Review 
17 
 
Figure 2.11 : Development of a cut surface with a negative tool rake angle [5]. 
 
 
Figure 2.12: Development of a cut surface with an excessively large positive tool rake angle [5]. 
 
As the tool moves past the crack it tears out large pieces of the material leaving the surface 
rough due to the cavities being produced.  A positive rake angle would have the opposite effect. 
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Here the resultant force would direct the cracks upwards from the cutting plane, leaving the 
surface bumpy and rutted, [5], as shown in Figure 2.12.  As the tool passes over the ridges they 
are momentarily compressed but they then expand upwards once the tool is moved.  As the rake 
angle becomes increasingly positive, the size of the ridges increases.   
 
A critical cutting angle was defined by Kobayashi [2] as the rake angle which resulted in zero 
normal force on the tool.  It is considered that at the critical cutting angle the direction of the 
resultant cutting force coincides with the direction of cutting.  This leads to the minimum 
deformation of the machined surface, although, the cracks cannot be relied upon to proceed in 
an orderly fashion and after a short distance it will veer slightly off course, as shown in Figure 
2.13. 
 
Figure 2.13: Critical rake angle results in the direction of the resultant force coinciding with the 
direction of cutting, [5]. 
 
Although this alone will not result in a perfect surface finish, this critical rake angle was argued 
to be the optimum value, giving the highest work piece accuracy and surface finish with 
minimum tool wear.  Kobayashi found that the critical rake angle was dependent upon the 
polymer, the depth of cut and the cutting speed.  He thus concluded that the critical rake angle 
values should be determined experimentally for each plastic used and for each set of cutting 
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conditions.  He also stated that because it is possible that the normal force could be predicted, 
the value of the critical rake angle could also be predicted. 
 
In the work reported by Malak et al. [16] the formation of both continuous and discontinuous 
chips were observed, whilst machining polyurethane foam with rake angles of 23o, 45o and 60o.  
Their experiments showed that the type of chips produced was dependent upon the depth of cut, 
the rake angle and the material being cut.  It was seen that by increasing the depth of cut there 
was a smooth transition from one type of chip to another.  It was also shown that there was a 
critical depth of cut, hcr, from which there was a transition from continuous to discontinuous 
chip formation.  From experiments performed on sintered bronze, and based on results deduced 
by Atkins [18], Fleck et al. [19] suggested that the radius of the plastic zone in front of the 
cutting tool, rp, relative to the depth of the cut could be used to determine the critical depth of 
cut.  This zone can be determined by the fracture toughness and yield stress of the material, 
given by Equation 2.16. 
 
2
6
1
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
Y
IC
p
Kr σπ  Equation 2.16
 
Fleck et al. used this to suggest an equation to determine the critical cutting depth, given by 
Equation 2.17.  
 
0.06cr ph r=  Equation 2.17
 
However they also concluded that due to work hardening, the critical depth of cut may be upto 
10 times higher giving Equation 2.18.  This also agreed with the conclustions drawn by Atkins 
[18]. 
 
0.6cr ph r=  Equation 2.18
 
Tests performed by Malak et al. [16] on foam revelied that observations of the chip transition 
lies within or close to the calculated depth of cut via Equation 2.18. 
 
The fracture phenomenon during chip formation is highly important as it directly contributes to 
the surface roughness.   
 
 
                                                                                                                Literature Review 
20 
2.2.7 Interface Contact Conditions 
The type of chip produced, the shape of the cutting tool and the material properties all play a 
part in determining the optimum cutting condition.  Although machining at temperatures above 
the Tg of the workpiece leads to a smoother surface finish, it is usually undesirable to generate 
excess heat as this can cause burning or melting of the polymeric machined surface and soften 
the steel tool edge, decreasing operational life [20].  Kobayashi [2] suggested that heat was 
generated in two ways. 
 
 
Figure 2.14: Three regions of heating during orthogonal cutting, [2]. 
 
The first source of heat was described as being due to the conversion of energy losses involved 
in the fracture or separation of the material, (i.e. region I in Figure 2.14)  The second source 
identified was from the friction created between the tool rake surface and/or clearance surface 
and the workpiece (i.e. regions II and III in Figure 2.14).  Machining is significantly affected by 
friction and although it can never be completely eliminated, it can be minimised by polishing 
both surfaces of the tool.  Also, machining with a tool having the critical rake angle and large 
clearance angle has been shown to reduce the friction.   
 
The coefficient of friction was defined in Equation 2.3.  Bahadur and Ludema [21] provided 
indirect proof that the adhesion theory of friction applies to plastics.  This is where two surfaces 
are in contact with each other at only a fraction of their apparent area of contact.  The apparent 
and real contact areas are Aa, Ar respectively.  The load at the interface is supported by the 
contacting asperities.  With light loads and a large real area of contact, the normal stress at the 
asperity contacts is elastic.  As the load increases so do the stresses and eventually plastic 
deformation takes place at the junctions leading to an area increase of the asperities in contact.  
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As the normal load is increased further, the real area of contact eventually reaches the apparent 
area of contact and because the shear force at the interface is constant, the frictional force, 
(defined as the force opposing the tangential force), reaches a maximum and then plateaus out, 
as shown in Figure 2.15, beyond this region, a different process known as sticking oucrss [22].  
This is when the frictional stress at the contact surface has reached the shear yield stress.  This 
description agrees with the findings of Alauddin et al.  Alauddin et al. [15] reported that during 
the cutting of polycarbonate at a constant speed of 15m min-1 the coefficient of friction first 
decreased and then began to plateau out with an increase in the normal force. 
 
Figure 2.15:  Frictional force plateaus out after reaching a maximum normal force [22]. 
 
Friction has also been shown to be a function of temperature.  Bely et al. [23] reported that 
according to the molecular-kinetic theory of friction, the temperature determines the value of the 
energy barrier which determines the adhesion (intermolecular) interaction in polymers.  This 
results in a minimum coefficient of friction at the glass transition temperature, with the general 
relationship between friction and temperature shown in Figure 2.16. 
 
 
 
Figure 2.16:  Coefficient of friction as a function of temperature shows a minimum at the glass 
transition temperature. Adapted from [23]. 
 
 
Fr
ic
tio
n 
Temperature Tg 
                                                                                                                Literature Review 
22 
2.2.8 Surface Finish 
The quality of the cut surface can be a critical factor. In this instance measuring the smoothness 
of the surface is important.  After an ultrasonic and ethanol clean of the machined surfaces of 
HDPE and LDPE, Xiao and Zhang [4] measured the surface roughness using a profilometer.  
The machined surfaces were examined under an optical microscope before and after roughness 
measurements to identify any possible scratching caused by the stylus travelling on the surface. 
For these two particular polymers, no scratching was observed.  It was found that the surface 
finish improved with an increase in cutting speed. By comparing the roughness of HDPE and 
LDPE they suggested that the low strength of soft polymers prevented a good surface finish 
being attained. This was due to deformation of the material in the cutting zone. Measuring the 
shear stress in orthogonal cutting was found to be a good method for evaluating surface 
roughness.  A relatively large shear stress corresponded to a smoother machined surface on a 
very soft polymer that had low Tg and mechanical strength.  Xiao and Zhang made several 
conclusions for improving the quality of a machined surface.  They suggested that the viscous 
properties of the polymer are important factors in determining the machined surface quality and 
as the viscous deformation depends on the strain rate and temperature, the selection of 
machining parameters could minimize the surface roughness.  
2.3 Determination of Polymer Toughness 
2.3.1 KIC, GIC Determination at Static Test Rates. 
A linear elastic fracture mechanics (LEFM) ISO standard for determining KC and GC for plastics 
was published in 2000 [24], following development of an ESIS TC4 test protocol.  (ESIS TC4 is 
the European Structural Integrity Society, Technical Committee on Polymers, Composites and 
Adhesives.)  The method used the ASTM metals document [25] as the starting point and 
significant changes were made to it to make it suitable for plastics and to include the 
determination of GC.  The method accommodates the use of either the single edge notched bend 
(SENB) or the compact tension (CT) specimens, as shown in Figure 2.17.  Two of the major 
areas which required development were notching and the definition of initiation.  The method 
requires that a sharp, natural crack is first grown in the polymer and then the conditions for its 
re-initiation are used to determine KC and then GC. The results obtained from this method are 
critically dependent upon the quality of the initial notch and ESIS TC4 round-robins 
investigated extensively the effects of different notching techniques. Razor tapping for hard 
plastics and razor sliding for soft plastics was found to be satisfactory and it was also found that 
razor pressing could lead to erroneous results, as residual stresses could be introduced 
immediately ahead of the notch tip, significantly altering the measured values of K and G. An 
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acceptable definition of crack initiation was defined either from the maximum load point, or 
from a 5% offset compliance intercept point. The specimen size criteria for validity were 
designed to ensure both LEFM conditions and a state of plane-strain at the crack tip.  
Additionally, a further linearity restriction was imposed, that the maximum load should be no 
more than 10% greater than the 5% compliance offset. This served as a further check on LEFM 
conditions. Converting from K to G requires a compliance correction for load point indentation.   
 
Figure 2.17:  The three point bend (SENB) and the compact tension (CT) specimens. 
 
ESIS TC4 round-robins were performed on various polymers including epoxy, PMMA, PE, PP 
and nylon.  The first two polymers were found to notch quite easily, with the second two 
tougher polymers being classed as difficult to notch.  Nylon was classed as ‘of intermediate 
difficulty’ [26] and consistent results were achieved for nylon.  For nylon, the inter-laboratory 
variation between the nine labs (SD) on KC measurements was 5% and was 12% for GC  
  
2.3.2 J-Fracture Toughness Determination at Static Test Rates. 
In the above, LEFM conditions have been assumed and with adequate specimen preparation and 
notching, LEFM conditions can usually be attained.  However, there are materials which exhibit 
more extensive plasticity and for these, an elastic-plastic analysis is required.  These are 
typically the tougher polymers, e.g. some grades of PE and rubber modified systems.  A test 
method based upon the determination of the energy parameter, JC, has been developed as an 
ESIS TC4 protocol [27].  The critical issues have been the definition of an initiation toughness 
parameter, the form of the R-curve and whether a blunting line should be included, the 
measurement of crack length and the use of load-line versus crack opening compliances for the 
analysis.  It is common for a toughness to be defined after a known amount of crack growth, e.g. 
J0.2 is a popular definition, being defined after 0.2mm of growth.  A typical data set for ABS is 
shown in Figure 2.18 following an ESIS TC4 round-robin [27].  The method is a multi-
specimen approach (with side grooves) and the most recent round-robin used ABS with either 
25% or 50% rubber incorporated into the formulation.  An annex to [27] has been prepared to 
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extend the approach to higher loading rates [28], but currently this procedure is not being 
actively developed further.   
 
Figure 2.18:  Graph of J versus crack growth data for ABS specimens tested in an ESIS TC4. 
[27]  Data from six laboratories is shown and a power-law fit to the data is shown.  
2.3.3 KIC, GIC Determination at Moderately High Test Rates (up to 1ms-1). 
The application of ISO 13586-1 is restricted to quasi-static loading rates and of course there is a 
great interest in material properties of polymers at higher speeds.  Impact loading is traditionally 
important in automotive applications due to vehicle collision and road shocks, and also for 
applications where fast ‘dynamic cracks’ may occur, e.g. in high pressure gas and water 
pipelines.  Traditional tests to measure impact strength such as the Charpy and Izod test and 
various falling weight tests are commonly used, but all these methods are very dependent upon 
test set-up and specimen details, which are arbitrary.  For this reason, the ESIS TC4 committee 
developed a version of the static test protocol for faster test rates.  The main technical issue 
concerned the existence of dynamic effects and how best to deal with these in the test and in the 
analysis.  Dynamic effects have two origins, [29] resulting from; (i) non-equilibrium conditions 
in the test specimen during an impact event due to the finite speed of the stress waves and (ii) 
the high acceleration imparted to the specimen which initially excites inertial forces and 
complex motions in both the specimen and the striker.  This later source of dynamic effects is 
mainly instrumental and depends largely on the instrumentation used. At intermediate test rates 
of up to 1ms-1, the method developed used a combination of damping and careful fitting of the 
load-displacement trace to reduce as much as possible the dynamic effects experienced, as 
shown in Figure 2.19.  This method was published as an ISO standard in 2002 [30] following 
several years of examination by the ESIS TC4 technical committee and has been shown to work 
well.   It is of interest to note that, for even higher impact speeds, e.g. 5-30m/s, the techniques 
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developed for intermediate rates are insufficient to cope with the greater dynamic effects 
induced and a different approach has been followed in which the specimen is un-damped and K 
or G are deduced by measuring the time to fracture and then the displacement and hence K are 
determined, with a dynamic correction being made for stress wave effects.  This higher speed 
test method exists as an ESIS TC4 protocol [31] but it has not yet been developed sufficiently 
for it to be considered as an ISO standard.   
 
 
Figure 2.19: A load-displacement trace measured in a 1m/s test and the curve-fitted function.   
 
A comprehensive review of cutting analysis is presented in Chapter 4, with Chapter 3 describing 
the materials investigated in this project.   
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Chapter 3 
3 EXPERIMENTAL MATERIALS AND PROCEDURE 
3.1 Materials 
3.1.1 Introduction 
 
Three different types of polymer were selected for initial testing. Polymethylmethacrylate 
(PMMA), nylon 4/6 and a nylon 6/12 copolymer tube.  PMMA was selected as a reference 
material.  The nylon 6/12 was received as a tube with a 16mm thick wall and an internal 
diameter of 69 mm.  The mechanical and fracture properties of the material were unknown.  
Nylon 6/12 and nylon 4/6 were of particular interest for industrial applications as power steering 
gears, therefore these need evaluation.  Three polymers were selected for a Round Robin 
exercise.   
 
Nylons in general are hydrophilic and sensitive to moisture absorption and can absorb up to 
15% of their weight in water.  The amount of moisture absorbed depends upon the grade of the 
nylon and the conditions of exposure.  Absorption leads to changes in physical and mechanical 
properties which include density and strength, [17].  Moisture absorption also reduces the 
flexural modulus and glass transition temperature of the material; reducing the window of 
effectiveness of the nylon in industrial applications.  
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3.1.2 Moisture Absorption 
Moisture absorption can also result in dimensional variations in nylon.  The amount of variation 
differs between the types of nylon.  It is also dependant on the humidity and temperature.  Water 
loss tests were performed on the candidate materials to determine the water content in each 
material.  The specimens were initially allowed to equilibrate at room temperature at standard 
moisture content of 55% for two months.  The materials were weighed and placed in an oven at 
80oC, the weight of the materials was recorded, initially every ½ hour and then over a period of 
hours and days.  The values were compared with control specimens.  These are specimens 
which were initially weighed and were then only taken out of the oven at the specific intervals 
shown.  A comparison with the data from the control specimens showed that the additional 
moisture absorbed during the half hourly mass measurements was insignificant.  This is shown 
in Figure 3.1.  
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(a) PMMA         (b) Nylon 4/6 
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     (c) Nylon 6/12 
Figure 3.1: Percentage of water loss in (a) PMMA, (b) Nylon 4/6 and (c) Nylon 6/12  
 
To reduce any effects of moisture uptake, all materials were dried for 2 weeks at 80oC to ensure 
there was minimal water retained in the polymers.  These were then stored in a desiccator to 
ensure they remained dry until required.  Finally drying for 12 hours at 80oC, and then cooling 
to room temperature was carried out prior to testing.   
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3.1.3 PMMA 
PMMA was used as a reference material in this project.  It was supplied from RS Components 
Ltd. as 6mm thick, cast acrylic sheets. 
3.1.4 Nylon 4/6 
Nylon 4/6 is a prospective material for high torque gear applications.  The material investigated 
in this project has the trade name Stanyl TW431 and was supplied by DSM in American.  It was 
annealed at 220oC for 12 hours in Nitrogen gas to relieve the residual stresses from the 
manufacturer.  5mm flat plates and 4mm thick tensile bars, prepared in accordance to ISO 
standards, were received from the suppliers.  
3.1.5 Nylon 6/12 
This was the standard gear material used by Delphi Automotive Systems, having the trade name 
Nylacast CF050.  This thermoplastic was manufactured by a reaction molding with a spin 
casting process.  This process begins with nylon 6 monomers such as caprylactam and 
laurylactam to produce the nylon 6/12 co-polymer while simultaneously producing the solid 
tube.  The process takes place at 160oC where the monomers are molten but the polymer is not. 
Thus, both polymerization and crystallization occur in the process.  This process of 
manufacturing is similar to a reaction injection molding process which has been used for 
polyurethanes and some nylons for automotive body panels. Once formed the tubes were 
annealed to relieve residual stress, as described above.  DSC tests undertaken by Delphi 
Automotive Systems suggested that the nylon 12 component was small compared to the nylon 6 
component in the copolymer.   
3.1.6 Round Robin Materials 
LLDPE, HIPS and ABS are common materials used for products such as plastic bags and food 
packaging.  These materials were supplied by Polimeri Europe as 200 x 200 x 4mm plates and 
were manufactured by compression molding techniques at a temperature of 180oC and then 
cooled at a rate of 10oC per minute.  It was anticipated that these materials would cut easily and 
would also provide good repeatability in the cutting round robin tests. 
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3.2 Test Procedures 
3.2.1 Introduction 
This section describes the experimental procedures which have been followed and concentrates 
on determining the mechanical properties of the various materials over the range of expected 
temperatures during the cutting experiments.  
3.2.2 Determination of the Glass Transition Temperature 
Dynamic mechanical thermal analysis (DMTA) is a technique used to characterize the thermal 
properties of materials. It is most useful for observing the visco-elastic nature of polymers.  An 
oscillating force is applied to a 3 point bend specimen and the resulting displacement of the 
sample is measured.  
 
The sample deforms under the load with increasing temperature.  From this the stiffness of the 
sample is determined and the sample modulus is calculated.  The time lag between the 
displacement and the applied force determines the damping properties of the material. This time 
lag is known as a phase lag, which is an angle.  The damping is called tan δ and is reported as 
the tangent of the phase lag.   
 
(DMTA was performed by testing bars 10×3×2mm in size in the three-point-bending mode at 
1Hz, whilst increasing the temperature at a rate of 1.5°C per minute from 0 to 180°C, using a 
‘Tritec 2000 DMTA’. The storage modulus, loss modulus and loss factor, tan δ, were calculated 
as a function of temperature with the glass transition temperature, Tg, taken to be the 
temperature at which tan δ peaks. 
3.2.3 Determination of the Flexural Modulus 
The flexural modulus, Ef, was determined in accordance with ASTM D790M – 93 [32] for each 
specimen, making sure that the displacement was always within the linear region. Four tests 
were performed on each sample, two being performed in one orientation and then two with the 
sample flipped about the neutral axis.  The mean of the four tests was then recorded.  The 
distance between the loading supports was L and the height of the beam was d as shown in 
Figure 3.2.    The test rate, Rc, depended on the specimen dimensions and was calculated by 
Equation 3.1 with and the strain rate of the material furthest from the neutral axis set to 0.01 
min-1 as recommended in [32].   
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d
LRc
2•= ε  Equation 3.1
 
The specimen was subjected to three-point loading (as shown in Figure 3.2) within the elastic 
region and from load-displacement graphs the flexural modulus was calculated, 
 
2
34
o
f
L CE
bd
=  Equation 3.2
 
 
 
 
Figure 3.2: Three point loading 
 
3.2.4 Determination of Tensile Properties at Static Rates 
The tensile modulus and yield stress values were measured in accordance with ASTM D638-01 
[33].  Tensile dumbbells were manufactured with the size of the dumbbell being dependent on 
the thickness of the materials.  The typical shape of the dumbbell is shown in Figure 3.3.   
 
 
Figure 3.3: General tensile dumbbell shape. 
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The dimensions W, bn, b and thickness d are given in Table 3.1 for the three polymers tested.  
The specimens were gripped in a tensile testing machine (Figure 3.4) using serrated wedge grips 
to ensure minimal slippage of the tensile dumbbells during testing.  These were pulled to failure 
at a rate of 1mm/min at various temperatures.  An extensometer of gauge length 10mm was 
attached to the specimens to accurately measure the strain in the material.   
 
 
Figure 3.4: Tensile test setup. 
 
The tensile modulus was determined by dividing the stress by the strain within the elastic region 
as shown in Equation 3.3, 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ
⎟⎠
⎞⎜⎝
⎛
==
oL
l
A
P
E ε
σ
 Equation 3.3
 
The yield stress of a specimen is the point where plastic deformation begins to occur.  This is 
commonly defined using a 0.2% strain offset and is determined by drawing a line parallel to the 
linear region of the curve starting from point 0.002 on the strain axis.  The intersect of this line 
and the stress-strain curve defines the 0.2% yield point as shown in Figure 3.5. 
 
Clamp 
Load Cell 
Tensile specimen 
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Figure 3.5: Determining the 0.2% offset yield stress. 
 
For the materials which were only supplied in tubes (i.e. the nylon 6/12 material), rings of 4mm 
thickness were cut from a tube and tensile specimens were prepared from the surface of these 
rings as shown schematically in Figure 3.6.  Nylon 4/6 tensile dumbbells were supplied from 
Delphi Automotive Systems, whilst tensile dumbbells of PMMA were manufactured onsite with 
use of a jig and router.  Table 3.1 shows the specimens dimensions of the tensile dumbbells.  
 
 
 
Figure 3.6: Diagram showing the position in the nylon 6/12 rings from which tensile samples 
were machined. 
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Table 3.1: Specimen dimensions as defined in Figure 3.3 for tensile tests for PMMA, nylon 4/6 
and nylon 6/12. 
 PMMA Nylon 4/6 Nylon 6/12 
W (mm) 75 162 75 
bn, (mm) 4 10 3.5 
b, (mm) 12.5 19.5 11.8 
d, (mm) 6 4 5 
 
3.2.5 Determination of Tensile Properties at High Rates 
High rate tensile tests were also performed on the candidate materials.  During these high rate 
tests, dynamic effects were encountered which obscured the basic response of the specimen 
during loading.  No standardised procedure exists to smooth these dynamic effects during high 
rate tensile testing.  However, a method to smooth toughness data is described in [30] and 
section 3.2.8 and a similar procedure was followed to smooth the tensile data.    
 
Due to the speed involved and the limitations in controlling the displacement of the high speed 
ram, the extensometer used during static rate tests could not be used to measure the strains at 
these higher rates.  Initial plans to use an external video extensometer proved unsuccessful due 
to the inability to focus the camera onto the tensile specimens through the window of the 
temperature chamber.   
 
High elongation strain gauges (EP-08-250BG-120) supplied by Vishay Micro-Measurements 
were bonded to the polymer dumbbells using M-bond AE-12 adhesive.  The strain, ε, was then 
calculated from the voltage output of the strain gauges using Equation 3.4. 
 
IN
OUT
VGGF
V
××
×= 4ε  Equation 3.4
 
Where Vout and Vin are the output and input voltages respectively, GF is the gauge factor and G 
the gain.  These strain values were plotted against the stress determined through the force 
recordings from the piezoelectric load cell.  The same specimen sizes were used as described in 
section 3.2.4.  The yield stress and tensile modulus values were determined as described in 
3.2.4. 
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3.2.6 Determination of the Fracture Properties at Static and Intermediate Rates 
3.2.6.1 SENB Geometry 
The fracture toughness of the candidate polymers was determined in accordance with ISO 
13586-1 [24] using the single edge notched bend (SENB) geometry.  In this test, the sample is 
placed on free rollers to enable it to move and avoid excessive plastic indentation as the sample 
is loaded by a roller directly above an initial machined notch with the notch extended by razor 
tapping, as shown in Figure 3.7. 
 
 
 
Figure 3.7: SENB test setup. 
 
The crosshead speeds for static and intermediate test rates were set at 10 mm min-1 and          
200 mm min-1 respectively.  Equation 3.5 and Equation 3.6 show the calculations made to 
determine the stress intensity factor, KQ and the critical energy release rate, GQ from the 
recorded experimental data.   
  
1
2
Q
Q
P aK f
WdW
⎛ ⎞ ⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
 Equation 3.5
 
Where )/( Waf  is a geometry factor, which depends upon the actual test configuration 
employed, PQ the load at 5% compliance offset.  
 
( )Q i
Q
U U
G
adb
W
φ
−= ⎛ ⎞⎜ ⎟⎝ ⎠
 Equation 3.6
 
where φ(a/W) is an energy calibration factor, defined in [24], and UQ and Ui are the energy to 
fracture and indentation energy respectively. 
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To ensure that plane-strain conditions were met, the validity of KQ was checked using the size 
and linearity criteria shown in Equation 3.7 and Equation 3.8 respectively. 
 
The size criteria are given by; 
2
, , ( ) Q
Y
K
d a W a 2.5 σ
⎛ ⎞− > ⎜ ⎟⎝ ⎠
 Equation 3.7
 
where σY is the yield stress of the material. 
 
The linearity criterion is given by; 
 
1.1<
Q
MAX
P
P
 Equation 3.8
 
Where PMAX and PQ are defined in Figure 2.19. Only if the equalities above are validated can the 
provisional KQ values be quoted as valid KIC values. 
 
Further, GIC was then determined using KIC value and the flexural modulus, Ef, determined in 
chapter 3.2.3 above. 
f
IC
IC E
vK
G
)1( 22 −=  Equation 3.9
 
Where ν is the Poisson’s ration which is 0.35 for the polymers tested. 
 
This value of GIC was then compared to the values determined via Equation 3.6.  
 
A cross check on the accuracy of the results can be made, since the elastic modulus is related to 
the compliance and to the fracture properties KIC and GIC. 
o
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fE φν
22 )1(2 −=  Equation 3.10
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Where f and φ are calibration factors. 
 
Usually Estiff is larger than Efract, but according to [24], the difference should not exceed 15%.  
Table 3.2 summarises the specimen sizes used for the SENB specimens tested.  Where the 
dimensions are defined in Figure 3.7.  
 
Table 3.2: Specimen sizes used for Fracture toughness tests for the PMMA and nylon 4/6 
specimens. 
 PMMA Nylon 4/6
W(mm) 15 14 
d (mm) 6 5 
B (mm) 66 62 
a (mm) 7 6 
L (mm) 60 58 
 
3.2.6.2 Arc-Shaped Bend Fracture Test 
This test is based on the SENB test.  With the notch being in the radial direction, as shown in 
Figure 3.8. 
 
Figure 3.8: Arc-shaped bend test. 
 
The test followed the protocol ASTM E399 – 97 appendix 9 [25] at a constant cross head speed 
of 10 mm min-1 and Equation 3.12 was used to calculate KIC. 
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 Equation 3.12
 
Where h(a/W) and f(a/W) are geometry factors for this configuration and are given by Equation 
3.13 and Equation 3.14 respectively, 
  
2
0.29 0.66 0.37a a ah
W W W
⎛ ⎞ ⎛ ⎞ ⎛ ⎞= − +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠  Equation 3.13
 
and  
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 Equation 3.14
 
This geometry was used to determine fracture properties of the nylon 6/12 specimens which 
were supplied in rings cut from spin cast tubes.  The specimen geometry as determined by [25] 
is shown in Figure 3.8 with the typical dimension used were as follows;  
 
Table 3.3: Specimen dimensions for the nylon 6/12 arc shaped SENB specimens.  
W (mm) 16.2
d (mm) 8.1 
R1 (mm) 34.7
R2 (mm) 50.8
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3.2.7 Determination of Fracture Toughness at 1 ms-1 
Additional procedures for extending the static fracture toughness methodology to moderately 
high rates have been published as an ISO standard [30].  This standard addresses several 
problems encountered at faster rates.   
 
 
Figure 3.9: Test setup used to perform high rate fracture toughness test 
 
The first of which deals with the equipment used, which unlike static tests, required the use of a 
set of fixed anvils with a piezoelectric load cell to measure the highly transient load values.  The 
second important consideration was the dynamic effects observed during high rate tests.  These 
originate from stress waves propagating through the material and from inertial effects which can 
occur in the specimen and striker due to the high acceleration.  Figure 3.10 shows a force-time 
trace for a test performed on nylon 6/12 at 1ms-1. 
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Figure 3.10: Typical force-time graph observed during a SENB test at 1 ms-1 showing the 
sinusoidal dynamic effects observed when no damping is used between the specimen and the 
striker.  
 
This is a typical result obtained for a 1ms-1 test.  It is often difficult to differentiate between the 
true material response and the dynamic effects, which can result in an incorrect determination of 
crack initiation.  The standard [30] recommends that a damping pad be placed between the 
striker and the specimen.  In the tests performed here, a 2 mm thick rubber pad was placed 
between the striker and specimen which greatly reduced dynamic oscillations.  Figure 3.11 
shows the effect of inserting a rubber damper between the striker and the specimen.  
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Figure 3.11: Typical force-time graph observed during a SENB test at 1 ms-1 with a rubber 
damper. 
 
In order to determine an accurate value of PQ and hence the fracture toughness, some 
preliminary analysis of the load-time plot is required to make sure that any remaining dynamic 
effects do not obscure the basic response of the specimen under loading.  The standard then 
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recommends that a smooth mean force-time curve be drawn through the experimental load-time 
(as shown in Figure 3.12) which is then improved by a computer aided curve-fitted procedure 
using Equation 3.15.  
 
 
Figure 3.12: Mean force-time curve drawn through experimental force-time data [30]. 
 
0 0( ) ( ) ( )P t m t t g t t
ϕ= − − −  Equation 3.15
 
Where )(tP is the computer aided smoothed force at a time t, m is the gradient of the initial 
linear region of the load-time curve and t0 is the time of initial contact, (obtained by 
extrapolating the smoothed force function back to zero force) and ϕ and g are positive fitting 
parameters which characterise the deviation of )(tP  from linearity and are given by Equation 
3.16 and Equation 3.17 the fitted line, the gradient m and 2( )P t and 1( )P t are shown in Figure 
3.13. 
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Figure 3.13: After the mean load-time curve has been drawn and the initial gradient extended, 
two vertical lines are drawn at times t1 and t2 through the curve and the segments 1'P , 2'P , 1P  
and 2P  are measured [30].  
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 Equation 3.16
 
( ) ( )11 0 1 1 0g m t t P t tϕ ϕ− −= − − −  Equation 3.17
 
The fracture energy was determined as described in section 3.2.6.  In order to determine the 
energy to fracture, a range of tests should be performed at varing a/w ratios to compensate for 
the inertia and kenetic energies.  However due to specimen limitation, this test could not be 
performed.  Therefore the force-time plot was converted into a force-displacement graph.  This 
was done by calculating the gradient of the displacement-time graph for the striker to deduce the 
speed.  This speed was then multiplied by the time to give the force as a function of 
displacement.  The energy was then calculated by deteriming the area under the curve.  
 
Due to difficulties in determining specimen indentation and system compliance under high rate 
conditions, the cross check on fracture energy accuracy via Equation 3.9 was not applied.   
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3.2.8 Determination of Thermal Properties 
3.2.8.1 Introduction 
It has been proposed [3] that during machining an adiabatic heating zone exist between the tool 
and workpiece and also at the crack tip.  If it exists, it is likely to vary as a function of cutting 
rake angle and cutting speed.  These temperature changes were measured using a ‘Flir 
ThermoCAM SC300’ thermal imaging camera.  Some background to thermal imaging is now 
given, together with the details of the measurements taken.   
3.2.8.2 Thermal Imaging 
A thermographic camera measures the wavelengths emitted from the surface of an object in the 
infrared spectrum band, (2 μm – 13 μm).  These measurements can be correlated to a 
temperature.   
2
5
2 1( , )
1
p
p
h c
kT
h c
I T
eλ
λ λ= −
 Equation 3.18
Where  
λ is the wavelength, T, the temperature of the blackbody, hp is Planck’s constant, c is 
the speed of light and k is Blotzmann’s constant. 
 
The process is based on blackbody radiation.  A blackbody is defined as an object which 
absorbs all radiation incident upon it, with Kirchoff’s law stating that the emissivity of a body is 
equal to its absorption.  Planck was able to describe the spectral distribution of the radiation 
from a blackbody from Equation 3.18. 
 
 
T
bw=maxλ  Equation 3.19
 
where  
          bw has the value of 2.87768x10-3 mK 
 
This results in a peak emittance over a range of wavelengths at a given temperature.  The 
differentiation of Equation 3.18 gives Equation 3.19, this is known as Wien’s displacement law, 
the value of the peak emitted wavelength.  It is noteworthy that this wavelength is usually in the 
visible light region.  Stefan-Boltzmann’s law is the integral of Equation 3.18 and this gives the 
total emittance of a blackbody Equation 3.20.  
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4** Tej σ=  Equation 3.20
σ *= Stefan-Boltzmann constant 5.67x 10-8 W/m2K4 
 
Real objects never comply to these laws over extended wavelengths.  There are three processes 
which can occur that prevent a real object from behaving like a blackbody; (i) a fraction of the 
incident radiation may be absorbed, (ii) a fraction may be reflected, and (iii) a fraction may be 
transmitted.   
 
Another factor which describes the fraction of the radiant emittance of a blackbody produced by 
an object is the emissivity, this is defined as the ratio between the radiant power from an object 
to that of a blackbody at the same temperature.  Generally, objects exhibit an emissivity 
between 0.1 and 0.95.  Emissivity calculations are extremely important.  This is shown in Figure 
3.14.  A thermal camera was held at a fixed distance with the object held at a constant 
temperature.  However, as the emissivity ratio of the object was increased from 0.1 to 1, the 
measured temperature of the object decreased significantly from 140oC and 50oC.  The 
calibration result clearly demonstrated the need to input the correct value of emissivity for a 
body if the correct temperature measurement is desired.   
 
Figure 3.14: Measured temperature of a tensile specimen is highly dependent on the emissivity 
value.  
 
Figure 3.15 shows a schematic setup used to measure the temperature of an object.  The camera 
detects the radiation from both the object and the reflected radiation from other sources.  These 
measurements attenuate through the atmosphere between the object and camera.  Therefore, the 
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distance between the camera and the body and the atmospheric conditions (i.e. temperate and 
humidity) prevailing are important variables which can be accounted for.   
 
 
Figure 3.15: Schematic setup of a thermographic experiment. 
 
The total radiation detected by the camera is given by Equation 3.21, 
( ) ( )1 1tot obj ref atmW e W e W Wτ τ τ= + − + −  Equation 3.21
 
Where Wx is the radiation. 
3.2.8.3 Thermal Imaging Specifications 
The thermal camera used was a Flir ThermoCAM SC300 with an electrically cooled GaAs 
QWIP of infrared radiation in the range of 8-9 μm. The system outputted 12-bit images with a 
maximum resolution of 320 x 240 pixels at 50 Hz.  Higher frame rates were possible by 
reductions in the image size.  The camera has an accuracy of ± 1% or 1°C for measurement 
ranges up to +150° C. 
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3.3 Cutting Rig Development 
3.3.1 Introduction 
This section details the various rig designs and tests performed during the development of a 
cutting rig which would enable orthogonal cutting and would allow the measurement of forces 
in two directions; the force in the direction of the cut, Fc and the force perpendicular to the 
direction of cut, Ft. 
 
There have been many different rigs designed in the past to perform orthogonal cutting tests.  
Eggleston [7] instrumented a tool to measure cutting forces during cutting on a lathe.  Willis 
[34] adapted a microtome to perform this task and Malak [16] used a fixed tool where the rake 
angle was adjustable and the specimen moved horizontally.  This method best represents 
orthogonal cutting.   
 
There are four main considerations during the development of a rig; the cutting tool, the 
specimen, a method of setting the cutting depth and a method of measuring the cutting forces.  
3.3.2 The Cutting Tool 
3.3.2.1 Introduction 
There are two different types of tool to consider; a wedge shaped tool and one with fixed rake 
and clearance angles, as shown schematically in Figure 3.16. 
 
 
Figure 3.16: Tool designs. (a) Wedge shaped. (b) Tool with fix rake and clearence angles. 
 
There are advantages and disadvantages to both types of tool design.  A tool similar to one 
shown in Figure 3.16b results in a new tool having to be made each time a new cutting rake 
angle is required.  But the clearance angle remains constant.  The advantage of a tool design as 
shown in Figure 3.16a, is that only one tool is required and any rake angle can be selected, but 
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this also constantly changes the clearance angle.  It is important to note that the width of the tool 
in either geometry should be larger than the width of the workpiece being cut.  
 
To reduce the number of variables changed at any one time, tools based on the design shown in 
Figure 3.16b were manufactured.  High Speed steel (HSS) with 5% Molybdenum is a standard 
material used for lathe tools due to its high hardness and stiffness.  This was therefore selected 
as an ideal cutting tool material for polymer machining.  This is commonly supplied in bars with 
a square cross section of 12.7 mm x 12.7 mm.  These bars were purchased from RS 
Components Ltd.  Rake angles of -20o, 0o, 10o, 15o, 20o and 30o were ground using a surface 
grinding machine.  Each tool had a fixed clearance angle of 11o. 
3.3.2.2 Initial Force Measurement System 
An initial method of measuring the biaxial cutting forces experienced on the tool and workpiece 
was investigated by bonding strain gauges to the tool as shown in Figure 3.17.  Strains on the 
tool can be correlated to the applied force.  Strain gauges bonded along the neutral axis on the 
sides of the tool, (shown in Figure 3.17b) eliminated any bending forces experienced during 
cutting and therefore only the vertical forces are measured.  Horizontal forces were calculated 
from gauges bonded to the front and back face of the tool. 
 
                                    
 
Figure 3.17: Schematic diagram of cutting tool with strain gauges attached (a) front and (b) side 
profile. 
 
Calibration tests were performed to measure the vertical forces applied to the tool.  This was 
achieved by clamping the tool in a vertical position and loading directly along the line of the 
Strain gauge along 
neutral axis and front 
face 
Neutral axis 
 (a)    (b) 
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neutral axis from above.  Figure 3.18 shows the average voltage measured across these two 
strain gauges.  
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Figure 3.18: Initial calibration results for strain gauges placed on the neutral axis of the tool, 
showing the output voltage measured with a applied force.  
 
It can be seen that a high level of scatter was experienced at forces below 200N, implying the 
strain gauges were not sensitive enough at low forces.  This could lead to the misinterpretation 
of force data from the cutting experiments and return incorrect results.   
 
These results show that strain gauging proved to be an inappropriate method of determining 
cutting forces, with small forces being measured with very little accuracy.  Increasing the 
sensitivity of the amplifier did not help reduce the scatter.  Reducing the stiffness, hence 
increasing the strains in the tool can lead to deflections which would cause many other 
complications.   
 
Due to the limitations of using strain gauges, a load cell was selected to measure forces directly.  
 
3.3.3 Tri-axial Load Cell 
As strain gauging proved to be an unsuccessful method of measuring forces, a load cell with the 
capability of simultaneously measuring forces in 3 orthogonal directions (x, y and z) was 
purchased from PCB Piezoelectronics.  The load cell was made from piezoelectric quartz 
crystals (an array of crystals in each direction of measurement) and had the capacity of 
measuring loads up to 4.4kN.  
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Piezoelectric crystals are favoured over strain gauges for high rate testing because of their quick 
response to dynamic forces and their high stiffness levels [35].  As a force is applied to the load 
cell, the piezoelectric elements experience strains which result in an electrical charge 
accumulating on opposing surfaces.  This charge is amplified and an output voltage 
corresponding to the force applied can be recorded.  Table 3.4 summarises the main features of 
the load cell.  
 
Table 3.4: 260A12 tri-axial load cell specifications. 
Sensitivity(y axis) 7.19 pC/N 
Sensitivity(z axis) 3.37 pC/N 
Measurement Range(z axis) 4.45 kN 
Measurement Range(y axis) 4.45 kN 
Maximum Moment(z axis) 54.23 Nm 
Maximum Moment(y axis) 94.91 Nm 
Non-Linearity ≤ 1 % FS 
Cross Talk between y and z axis ± 5 % 
Temperature Range -73 to +177°C
Preload ≤ 44.48 kN 
Stiffness(z axis) 3.3 kN/µm 
Stiffness(y axis) 1 kN/µm 
 
In order for the load cell to operate in both compressive and tensile directions a preload had to 
be applied to the load cell.  This was achieved by sandwiching the load cell between two 
titanium blocks with the use of a manufacturer’s supplied Beryllium Copper stud whilst 
applying a compressive load of 44kN, as shown schematically in Figure 3.19 
 
 
Figure 3.19: Preloading of load cell between two titanium blocks by use of a beryllium copper 
stud. 
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3.3.4 Specimen Holder 
A specimen holder was made from mild steel to fit a servo-hydraulic machine, as shown in 
Figure 3.20.  This was designed to clamp polymer plates up to 5mm thick and 50mm long to the 
end of the actuator arm of the Instron. It was designed such that the workpiece would protrude 
further than the diameter of the actuator arm.   
 
Figure 3.20: Specimen holder designed to clamp up to 5mm thick and 50mm long material to 
the actuator arm. 
 
A single axis table from a lathe was modified to accommodate the cutting tool and load cell, as 
shown in Figure 3.21.  The load cell was attached to the stationary side of the fixture to reduce 
dynamic effects.   
 
Figure 3.21: Horizontally moving lathe table adapted to accommodate the load cell and cutting 
tool. 
 
The tool protruded from the edge of the table, this ensured that only the tool and specimen touch 
and eliminated the possibility of metal-on-metal contact which would result in catastrophic 
damage to both the testing machine and load cell.  However, initial tests showed that a constant 
depth of cut, h could not be maintained throughout the length of a cut.  This was observed in 
both the force traces and chip thickness hc measurements along the length of the chip.  It was 
observed that the hydraulic ram was deflecting laterally during its movement.  Measurements 
Ram diameter 
Cutting 
tool 
Load 
cell 
x-axis 
micrometer 
                                                                               Experimental Materials and Procedure     
50 
taken with the arm extended at three different lengths showed that a deflection of ±0.1 mm 
occurred.  As cutting experiments involved cutting depths between the range of 0.01 mm and 
0.5 mm, deflections of this magnitude were deemed to be unacceptable.  The setup was moved 
to another high rate machine which had a much stiffer hydraulic ram.  
 
This ESH high rate testing machine was capable of reaching speeds of 5 ms-1 and had two main 
advantages over the high rate Instron; the first being the larger diameter actuator arm resulted in 
only a ±0.01 mm lateral deflection of the arm when fully extended.  The second was that 
extremely low velocities could be selected and therefore tests were not limited to a lower speed 
of 0.7 ms-1.  This would enable tests to be conducted at far slower velocities than would have 
been possible on the high rate Instron machine.  
 
As described earlier, to avoid any metal-on-metal contact, the tool and the cutting specimen 
were clamped off-centre from neutral axis of the actuator arm.  This however, meant that the 
tool was not positioned directly along the line of motion of the ram and therefore the forces 
would not be transmitted through the centre of the load cell as required.  A recalibration of the 
load cell was therefore performed for forces acting to one side.   
 
3.3.5 Data Acquisition 
As a force is applied to the load cell a corresponding voltage is outputted from the charge 
amplifier (which is connected to the load cell).  The amplifier was connected to an Imatek 
C2008 data capture device to measure the voltage change in two of the three orthogonal 
directions, i.e. the cutting direction and the transverse direction.   
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Figure 3.22: Typical force recording made by the C2008 data acquirer during the cutting of 
nylon 4/6. 
                                                                               Experimental Materials and Procedure     
51 
 
The C2008 was an 8 channel, 2 mega bit data capturing device and could therefore record both 
the cutting and normal forces and the displacement of the ram simultaneously.  The high data 
sampling rate would enable data capture at high cutting speeds.  Figure 3.22 shows a typical 
recording made by the C2008 during a cutting test, the output voltage is converted into a force 
by multiplying the voltage by a calibration factor, which is described below.  
 
3.3.6 Load Cell Calibration 
The load cell was calibrated in the cutting rig.  A cutting tool protruding 10 mm from the edge 
of the table was clamped on top of the load cell and held in place on an Instron 4466 testing 
machine with a 1kN load cell.  Varying known forces were applied at the cutting tip with the 
output voltages measured by the tri-axial load cell.   
 
 
 
 
 
Figure 3.23: Calibrating the load cell in (a) the cutting direction and (b) the transverse direction. 
 
To ensure repeatability and to verify there were no variations in the forces measured when using 
different cutting tools, calibration tests were performed on all the tools, protruding a fixed 
distance of 10mm.  Initial tests involved calibrating the force in the direction of cut, (Figure 
3.23(a)) this process was then repeated with the setup rotated by 90o to calibrate the Ft forces, as 
shown in Figure 3.23(b). 
 
Figure 3.24(a) shows a graph of the applied load versus output voltage produced during the 
calibration of forces in the cutting direction with Figure 3.24b showing the force-voltage graph 
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of the calibration of the forces, the transverse direction.  It is noteworthy that due to off-centre 
loading, the Fc force was calibrated with all tools to ensure no variations in the bending force 
existed.  
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Figure 3.24: Calibration of the load cell. (a) Fc calibration. (b) Ft calibration 
 
Due to the method of manufacturing the load cell, crosstalk between the different directions 
existed and had to be accounted for.  Crosstalk occurs when a force in one direction results in an 
output voltage measurement in one or both transverse directions.  A 3% crosstalk was detected 
between the different measuring axes.   
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3.3.7 Rig Modifications 
3.3.7.1 Rotation of the Actuator Arm 
A disadvantage of using a servo hydraulic testing machine was that the system became almost 
frictionless during its movement.  This caused the actuator arm to rotate radially during cutting, 
resulting in a variable thickness of cut cross the cut width, as shown in Figure 3.25.   
 
                          Starting Position                                       Final Position 
 
 
Figure 3.25: Schematic diagram showing the actuator arm rotating radially during it vertical 
movement. 
 
This was overcome by manufacturing a guiding arm, which clamped on to the actuator and ran 
in between a fixed rod bolted in place at the base of the testing machine (Figure 3.26). 
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Figure 3.26:Guiding arm clamps on the actuator arm and runs in between a fix rod stopping any 
radial movement.  
3.3.7.2 Measurements of h 
As will be described later, the analysis was highly dependent on the cut thickness h.  However, 
an accurate measurement of h was found to be one the most difficult aspects of the testing.  
Backlash effects in the single axis horizontal table resulted in uncontrollable values of h being 
machined.  At times, the chip was found to be less thick than the apparent depth of cut.  
 
An independent method of measuring h was required.  Photography of the cutting edge of the 
specimen before and after each cut proved to have poor accuracy due to limitations in the 
resolution of the camera.  However, by rigidly mounting a vernier calliper at a fixed orthogonal 
distance from the cut face a number of measurements could be made along this face both before 
and after each cut.  This proved to be more reliable.  The depth of cut was then calculated by the 
difference between the average readings before and after each cut as shown in Figure 3.27.  
 
Using a digital vernier and taking measurements at regular intervals enabled a profile of the cut 
surface to be deduced before and after each cut. 
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Figure 3.27: Measurements taken before and after each cut along the cut surface by the vernier 
calliper.  The difference between the average readings gives h.  
 
3.3.8 Final Rig Setup 
Figure 3.28 shows the final setup used to perform the orthogonal cutting tests.  
 
 
Figure 3.28: Final setup used to perform the orthogonal cutting tests.  
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3.4 Cutting Test Procedure 
3.4.1 Introduction 
A standard test protocol did not exist in order to perform these cutting experiments.  A method 
was developed which enabled orthogonal cutting of a known cut thickness, h, whilst measuring 
the forces in the cutting and transverse directions simultaneously.  This procedure ensured that a 
fixed method was followed thus reducing the variability between tests.  The test method 
developed here has also been used to formulate an ESIS TC4 test protocol, and a 
multilaboratory round-robin is underway.  As described in chapter 6.  
3.4.2 Test Procedure 
Firstly, it was important to ensure that both the tool and specimen are clamped rigidly into 
position.  The position of the tool should be adjusted such that when the test is activated, a cut 
of depth h will be taken.  It may be necessary to initially perform a slow facing cut to create an 
orthogonal surface for subsequent testing.  This also serves as a method to zero the distance 
between the cutting tip and the specimen edge.  
 
It is important that the depth of cut is sufficiently small to ensure shear deformation in the chip 
and it is therefore recommended that h meets the criterion 0.02 mm ≤ h ≤ 0.25 mm.  This is 
discussed in the analysis chapters with follows.  
 
1. The width of the specimen should be measured and the average recorded as b. It should 
also be ensured that b < bt, where bt is the width of the tool. 
 
2. The rake angle of the tool, α, is recorded.   
 
3. The orthogonal distance from a fixed position to the cutting surface is recorded.  Five 
measurements are made, evenly spaced along the cutting surface.  The average of these 
measurements is recorded as h1.   
 
4. The specimen is driven towards the cutting tool at a constant velocity and a cut is 
performed.  The velocity of the specimen should be within the range of                      
0.01 ms-1 ≤ V ≤ 1 ms-1.   
 
5. The average cutting force, Fc, and force, Ft, perpendicular to the direction of cut are 
recorded.  Peaks forces at the beginning are to be ignored as these are associated with 
the initial impact between the tool and specimen. 
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After each cut: 
6. The orthogonal distance from the fixed position to the cutting surface is measured 
again.  Again, 5 measurements are taken evenly spaced along the cutting surface.  The 
average of these measurements is recorded as h2.   
 
7. The depth of cut is determined from h2-h1.  This is recorded as h.   
 
8. Five measurements of the chip thickness should be made, with the average recorded as 
hc.  
 
Repeat cuts: 
9. The procedure is repeated such that a series of cuts are taken over a range of different 
depths of cut, h.   
 
10. Eight cuts are to be taken, evenly spaced over the depth range 0.02 mm ≤ h ≤ 0.25 mm.   
 
The analysis required to convert the measured experimental parameters into work of cutting and 
the use of these data to determine the fracture toughness, Gc, is now discussed in chapter 4.   
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Chapter 4 
4 DETERMINING THE WORK OF CUTTING 
4.1 Introduction 
A commonly accepted view amongst metal cutting analysts is that during metal cutting the new 
surfaces are simply formed by plastic flow around the tool tip, and that the plasticity and 
frictional energy required is far greater than the energy required for the formation of new 
surfaces. 
 
Shaw [36], a pioneer of the theory, considered the energies associated with the creation of new 
surfaces.  He concluded that only a few Jm-2 were required for this process and therefore this 
was negligible and could be ignored.  This was further advocated by Zorev [37], Oxley [38] and 
more recently Trent [39] who believed that this separation energy was insignificant when 
compared to that required to plastically deform the material removed.  This approach has since 
become common place when analytical analysis of metal cutting is performed with only the 
energy associated with plasticity and friction considered.  
 
Numerical methods of analysis such as FEM are now routinely being used to simulate metal 
cutting.  These require a separation criterion to permit the tool to move and to create new 
surfaces [40-42], which in turn implies that an energy must be associated with this process.  
This introduction of energy at the point of separation was fundamental to the work of Atkins 
who had aimed to prove that fracture energy should not be ignored in the analysis [40].   
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Atkins [40] argued that surface free energy is not the correct parameter to use when assessing 
whether or not surface work should be accounted for.  He argued that metal cutting is an 
example of ductile fracture mechanics, rather than a branch of just plastic flow.  Atkins found 
that fracture toughness (kJm-2) was almost three orders of magnitude greater than the surface 
free energy calculated by Shaw [36] (which was in the order of Jm-2) and therefore cannot 
simply be dismissed. He showed that the work of fracture should be included in the cutting 
analysis in addition to the plastic work and friction for all materials [18].  The fracture 
toughness was associated with the positive intercepts on plots of Fc versus cut thickness [6; 40; 
42; 43].  However, Karri [17] believed that these were indicative of the existence of edge forces 
in machining.  He detailed this as a secondary process at the boundary between the tool and 
work piece due to rubbing and ploughing. 
 
As a crack cannot always be seen at the tip of the tool there has been a reluctance to accept this, 
[44], even though Cook et. al. [45] demonstrated that plasticity models of cutting cannot operate 
in plane strain at constant plastic volume without the formation of a gap at the tip of the tool.  
The thickness of the chip needs to be the same as that of the shear band which enables the 
material to permit chip formation, otherwise this would lead to the plastic volume of the 
primary shear band increasing during deformation which is inadmissible [40].  It was argued 
that cracks do occur but the gaps at the tool tip has the same velocity as the tool and are 
therefore not seen.  Cracks are seen more easily in brittle materials or at very deep depths of cut 
as they grow further in front of the tool tip, [41]. 
 
This is best represented by Piispanen’s deck of cards model [46], as shown in Figure 4.1.  
Slippage occurs along the shear plane creating a gap (shaded grey) and it is the work of creating 
this gap which is frequently neglected.  
 
Figure 4.1: Piispanen’s deck of cards model for material removal. 
 
WORK PIECE
CHIP
TOOL
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Eggleston et al. [7], used such a model to investigate the relationship between the rake, friction 
and shear angles over a range of cutting velocities during the orthogonal cutting of free cutting 
steel, aluminium alloys and brass.  It was concluded that the, Ernst and Merchant minimum-
energy criterion [47], the Lee and Shaffer, [48], and Hill [49], plastic-solid solution did not 
agree with the experimental findings.  With the relationship between the shear angle, φ  and the 
resultant angle between the friction and rake angles, (β-α), being only approximately linear in 
the model.   
 
The formation of new cut surfaces requires energy.  However, unlike in polymer cutting, the 
theoretical minimum energy required to form the new surfaces during metal cutting is 
considered to be an insignificant proportion of that required to plastically deform the material 
removed [39].  Therefore, this energy has generally been neglected in the study of metal cutting 
[50].  However, recent studies suggest that the work done to form a new surface should be taken 
into account [40].  This phenomenon has been observed during cutting and Atkins associated 
this with the work required to fracture [18].  
 
Atkins and Vincent [51] further advocated this approach by reporting on work using an 
instrumented microtome to cut various soft solids (including foods).  (More recent tests are 
described in [52-55]).  These workers found that an optimum clearance angle between the blade 
and the cut surface coincided with a minimum force on the blade.  They further reported that 
when the clearance angle was less than critical, the results were greatly affected by friction and 
when the angle was greater than a critical value, more deformation occurred within the off-cut 
due to the work of section curling.  The total work of cutting was given by the area under the 
cutting force–blade displacement diagram and this was comprised of the individual work of 
friction, flow and fracture.  Friction was assessed by measuring forces on the return stroke of 
the cut and flow was assessed by cutting different section thicknesses, with the work of fracture 
being obtained by extrapolating to zero thickness.   
 
Based on much of his previous work and analysis of results, Atkins reported a method to 
determine the fracture toughness and shear modulus of a material during machining [42].  This 
work has led to a review of how the finite element method is interpreted and applied and 
although a separation criterion may have only been introduced into FEM to enable the tool to 
move through the workpiece, the Atkins theory into fracture at the tool tip [42] is now being 
employed in more rigorous FEM simulations [44; 56].   
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Ericson et al. used an instrumented sample holder to measure cutting forces during 
ultramicrotome sectioning of five amorphous polymers.  The ‘work to section’ per unit area, Ws, 
was measured as a function of section thickness however, they found no correlation between Ws 
and Gc, of the polymers.  This may have been because very thin slices were cut (all below      
0.3 μm) and plastic energy dissipation cannot occur in such thin layers [57].  Thus, in this case, 
Ws may be close to the true work of fracture as suggested by Williams in [43].   
 
More recently, Beer et al. [58] have used an instrumented microtome to determine the fracture 
energy of cutting particle-board.  This technique was found to be suitable for heterogeneous 
materials.  The energy consumed by cutting was partitioned into two components as above.  It 
was shown that the energy to cut a unit area of fracture surface increased linearly with cutting 
depth and the intercept on a graph of energy per cutting unit (Jm-2) against depth of cut was 
equivalent to the work of fracture and was independent of the depth of cut.  This was compared 
with calculations of the specific fracture energy determined through splitting tests using 
nonlinear-elastic fracture mechanics but this did not yield accurate results and therefore it was 
suggested that linear-elastic fracture mechanics together with frictional and compression forces 
should be used to determine the fracture energy.  It was found that the fracture energy values 
determined through splitting tests were lower than those obtained by cutting experiments, which 
suggested that the work of fracture of the cutting process consists of not only of the creation of a 
new surface, but of deformation of the material below the clearance face and friction between 
the tool and material. 
 
Malak et al. [16] recently calculated the specific cutting energies (Jm-3) for polyurethane foam 
removed during orthogonal cutting. They found the energies to decrease with an increase in 
depth of cut and rake angle.  Williams [6] further explored this idea of fracture and in addition 
included adhesion between the tool and the chip.  Such a model is useful in designing and 
controlling machining processes and can also be used as a method for measuring toughness. 
Williams [6] also discussed the advantages of additionally measuring chip curvature and the 
dangers of extrapolating force per unit width values to zero.  Williams also applied his theory to 
some experimental work performed by Thouless et al. [59] and Dobraszczyk et al. [60].  Results 
from cutting tests on metal strips and biological materials indicated that the fracture toughness 
could be determined with the additional information of the stress-strain properties of the 
material for the plastic work correction and two components of force measurement to evaluate 
friction.   
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4.2 Williams Model 
Williams based his theory [6] around Kobayashi’s analysis of the cutting process, but included 
two processes which had not been considered by Kobayashi [2].  The first was to assume that 
cutting involves a Mode I material toughness, Gc, which may be regarded as an opposing force 
to the applied force, 
b
Fc  at the crack tip, as shown in Figure 4.2.  The second assumption was 
that there is an adhesion between the tool cutting surface and workpiece with a Mode II 
toughness Ga, which opposes the shear force, b
S
 and is in addition to the dynamic Coulomb 
friction. 
 
 
Figure 4.2: Schematic diagram of the forces and geometries involved during cutting.  
 
The forces acting parallel S, and perpendicular N, to the tool surface, are determined by 
Equations 4.1(a) and (b) from the forces acting parallel and perpendicular to the direction of cut, 
Fc and Ft respectively.   
 
αα cossin
b
FG
b
F
b
S t
c
c +⎟⎠
⎞⎜⎝
⎛ −=  
αα sincos
b
FG
b
F
b
N t
c
c −⎟⎠
⎞⎜⎝
⎛ −=  
Equations 4.1(a) and (b)
 
It is then assumed that Equation 4.2 below can be applied to the interface between the tool and 
workpiece, thus;  
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b
NG
b
S
a μ=⎟⎠
⎞⎜⎝
⎛ −  Equation 4.2
 
Now, Equation 4.2 may be combined with Equations 4.1 to derive a relationship between Fc and 
Ft, 
( ) sincos αμα ++⎟⎠
⎞⎜⎝
⎛ −= acct GGb
FZ
b
F
 Equation 4.3
Where; 
           αμ
αμ
tan1
tan
+
−=Z  Equation 4.4
In order to conserve volume, plastic deformation is assumed to occur on a slip plane, (l in 
Figure 4.2) at an angle φ  to the cutting direction, with the shear stress determined by,  
2
Y
s
σσ =  
 
therefore by resolving forces along the shear plane, 
( ) φφσ sincos tccs FbGFb −−=A   
where Ab  is the shear plane area and A  may be given by φsin
h=A  
Thus, the stress on the shear plane may be written as 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −⎟⎠
⎞⎜⎝
⎛ −== φφφσσ sincossin
2 b
F
G
b
F
h
t
c
cY
s  Equation 4.5
By substituting in 
b
Ft , Equation 4.5 can be rearranged to give, 
( ) ( ) caYc G
Gh
Zb
F +⎥⎦
⎤⎢⎣
⎡
++⎟⎟⎠
⎞⎜⎜⎝
⎛ +⎟⎠
⎞⎜⎝
⎛
−= φαμαφφ
σ
φ tansincostantan
1
2tan1
1
 Equation 4.6
 
The value of φ  may be determined by minimising 
b
Fc  i.e. by differentiating Equation 4.6 and 
equating to zero.  This gives; 
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where  
( )αμασ sincos
22
+= Y
aG
hh
h
 Equation 4.7
 
A quadratic equation for tan φ can be written as, 
01tan2tan21 2 =−+⎟⎟⎠
⎞
⎜⎜⎝
⎛ + φφ Z
h
h
 
 
and a solution for tan φ is given by,  
h
h
Z
h
hZ
21
21
tan
2
1
+
−++
=φ  Equation 4.8
This theoretical value, termed φ1, can be compared the value of tan φ calculated from ratio of hc 
and h, i.e.; 
α
αφ
sin
costan 2 −
=
h
hc
 Equation 4.9
where this experimental value of tan φ  is termed tan φ2. By substituting this in to Equation 4.6 , 
we can write;  
 
cY
c Gh
b
F += φσ cot  Equation 4.10
 
Equation 4.3 can now be written as, 
 
( )αμαφσ sincoscot ++= aYt
GhZ
b
F
 Equation 4.11
 
where,  
h
h2Z1 Zcot 2 +++=φ  
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Equation 4.10 and Equation 4.11 can also be written as; 
 
h
h
hZZG
b
F
Yc
c
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++++= 21 2σ  Equation 4.12
h
h
hZZZh
b
F
YY
t
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++++= 21 2σσ  Equation 4.13
4.3 Williams-Minimisation Model 
The Williams model was based on a relationship between the cutting and transverse force, and 
minimising c
F
b
.  The Williams-Minimisation model determines the fracture and yield stress 
properties of a material without applying a relationship between the two forces and is also 
independent of shear angle measurements and is based on an energy minimisation method.  
Equation 4.5 determines the shear stress along the shear plane, by differentiating σsh with 
respect to φ, and equating to zero; 
 
( ) ( )2 2cos sin 2sin cos 0c ts cF Fd h Gd b bσ φ φ φ φφ ⎛ ⎞= − − − =⎜ ⎟⎝ ⎠  Equation 4.14
 
which has a solution, 
 
 
at the maximum; 
sin cos 1 tan
t
s
c c
c c
F
h b
F FG G
b b
σ φ φ φ
⎛ ⎞⎜ ⎟⎜ ⎟= −⎛ ⎞ ⎛ ⎞⎜ ⎟− −⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 Equation 4.16
rearranging Equation 4.14 and substituting into Equation 4.16 σs may be eliminated from the 
analysis.   
2tan
c
c
t
F G
b
F
b
φ
⎛ ⎞−⎜ ⎟⎝ ⎠=  Equation 4.15
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2
2c tc Y Y
F FG h h
b b
σ σ⎛ ⎞ ⎛ ⎞− = +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  Equation 4.17
 
The Williams and Williams-Minimisation models are compared in chapter 8. 
4.4 Determination of Material Properties using the Excel Solver Macro 
An Excel spreadsheet has been developed to enable the accurate and rapid interpretation of the 
data.  The spreadsheet utilises the solver function in Microsoft Excel which, using an iterative 
method, solves for the four unknown parameter from the Williams model in Equation 4.12 and 
Equation 4.13, i.e. Z, σY, h  and Gc.  From Z and h , the coefficient of friction and adhesion 
toughness can be determined using Equation 4.4 and Equation 4.7 respectively.   
 
The iteration method used by the solver function is based on the Generalised Reduced Gradient 
algorithm for optimizing nonlinear problems [61]. This is a method which involves inputting 
trial values in adjustable input cells within the worksheet and observing the results calculated in 
the output cell.  A simple trial-and-error approach would become extremely time-consuming.   
 
The Solver function however, performs extensive analysis of the observed outputs and their 
rates of change as the inputs are varied.  Depending on this rate of change, Solver is able to 
guide the selection of new trial values. After several input values have been entered, the 
function has several partial derivatives measuring its rate of change with respect to each of the 
input values.  Measuring the rates of change of these provide clues as to how the input cells 
should be varied.  This process is repeated until the ideal solution has been found which satisfies 
all the criteria set out [62].  
 
Known values for Gc, σY, μ and Ga were entered into Equation 4.12 and Equation 4.13. The 
resulting 
b
Fc  and 
b
Ft  values were then inputted into the Solver Macro. It was found that the 
values determined by the solver function agreed to within 99.5% of the ‘known’ values.   
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4.5 Validation of Theory 
Kobayashi [2] performed orthogonal cutting tests at constant rake angles on wide a range of 
materials; Polyethylene (PE), ABS-M, Polyamide Nylon 6 (PA), Polycarbonate (PC), Acetal 
(AC) and Polypropylene (PP).  Table 4.1 summarises the results his results giving Fc, Ft and φ  
values for tests performed with various depths of cut.   
 
Table 4.1: Summary of results found by tests performed by Kobayashi. 
Material h (mm) )( 2−kJm
b
Fc )( 2−kJm
b
Ft φ  
0.025 3.78 1.70 20.5 
0.05 6.17 1.89 28.0 
0.10 9.64 2.46 33.0 
0.20 16.63 3.31 35.1 
PE 
oO=α  
min/ 4.25 mV =  
0.30 23.06 4.54 33.75 
0.013 2.87 1.27 39.2 
0.026 5.32 1.35 39.2 
0.052 8.96 1.52 41.3 
ABS-M 
o10=α  
min/ 150 mV =  0.105 15.38 1.69 43.4 
0.05 8.82 1.96 46.8 
0.10 14.21 2.21 46.1 
0.15 20.09 2.45 46.1 
PA 
o10=α  
min/ 10 mV =  0.20 25.97 2.94 46.0 
0.020 4.56 0.82 40.3 
0.041 7.34 0.82 44.7 
0.082 12.23 -0.82 46.6 
0.123 16.30 -1.31 47.5 
PC 
o20=α  
min/ 200 mV =  
0.247 27.22 -4.89 48.5 
0.020 4.25 0.49 36.6 
0.041 7.19 .0.33 39.0 
0.082 11.45 0 41.2 
AC 
o10=α  
min/ 400 mV =  0.123 15.37 -0.49 41.8 
0.011 2.18 0.30 40.2 
0.022 3.17 0 46.7 
0.045 5.54 -.40 49.9 
0.092 9.80 -1.39 52.4 
PP 
o20=α  
min/ 400 mV =  
0.182 17.33 -3.37 49.0 
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Figure 4.3 shows both 
b
Fc  and 
b
Ft  plotted against h  for each material, with the points showing 
the experimental data and lines showing the theoretical predictions of the values using the 
Williams model.    
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Figure 4.3: Experimental and fitted values of Fc/b and Ft/b for each test material.  
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Figure 4.4 shows S/b plotted against N/b for Polyethylene.  It can be seen that a positive 
intercept shows the existence of a force which is in addition to the Coulomb frictional force.  
Friction values determined from the gradient (Equation 4.2) compare well with values of μ 
determined from the analysis from the Williams model using the Solver function.  The analysis 
returns a constant value for μ, which is in contrast to [2; 42] where it seen to vary with h. 
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Figure 4.4: S/b against N/b for Polyethylene shows an intercept, suggesting the existence of a 
force in addition to coulomb friction.  
 
Similar results are seen for the other materials tested by Kobayashi and these are summarised in 
Table 4.2 along with other material properties derived from Equation 4.12 and Equation 4.13.  
There is no independent data with which to compare values of σY and Gc for these materials but 
the calculated values are higher than those expected from tensile tests.  For example, typical 
book values for PE are in the range 20 MPa and for PC they are in the range 50 MPa. 
 
Table 4.2: Summary of results determined for the material detailed in [2] using the Williams 
model. 
Material oα  μ μ = bN
bS ( )MPaYσ ( )2mkJGc ( )2mkJGa  
PE 0 0.14 0.15 59 1.48 1.30 
ABS-M 10 0.21 0.22 127 0.62 1.27 
PA 10 0.23 0.23 108 1.58 1.53 
PC 20 0.09 0.19 126 1.75 2.04 
AC 10 0.08 0.09 115 1.81 0.81 
PP 20 0.11 0.12 115 0.71 0.68 
 
Figure 4.5 shows the theoretical values of tan φ versus 1−h .  These are compared to the tan φ 
values Kobayashi deduced by measuring the shear angles from photographic images of the 
chips formed during cutting.  It is noteworthy that although a difference is observed [2] pointed 
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out that hc is somewhat difficult to measure for plastics, the experimental shear values measured 
may possibly be improved with higher resolution cameras thus better comparing with the 
theoretical values determined using Equation 4.9.   
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Figure 4.5: Comparison of the shear angles determined by Williams and Kobayashi for each 
test material. 
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4.6 Concluding Remarks 
The inclusion of fracture toughness during cutting is fast becoming an accepted concept.  
Williams has developed an analysis to determine the fracture toughness and yield stress of 
materials from cutting force measurements.  The coefficient of friction and adhesion toughness 
between the workpiece and cutting tool is also determined from the analysis.  An Excel 
spreadsheet to perform this analysis has also been developed.   
 
To determine the accuracy of the method, data previously reported by Kobayashi was analysed.  
The results determined for the materials tested showed that the theory and spreadsheet works 
correctly.  Although a direct comparison with independent data was not possible, the analysis 
returned fracture toughness values which would be expected for the tested polymers.  Yield 
stress values however were seen to be higher than those expected from tensile test.  Coefficient 
of friction values determined from the analysis are within 5% of the values determined from the 
gradient of S/b against N/b plots.   
 
Comparisons of the calculated shear angles with those measured directly from photographic 
images by Kobayashi show agreement to within 15%.  Better agreement would be anticipated if 
the experimental shear angles had been determined using Equation 4.9. 
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Chapter 5 
5 RESULTS FROM STANDARD TESTS 
5.1 Introduction 
This chapter investigates the mechanical and fracture properties of the candidate materials.  
Tests were performed to determine the Glass transition temperature, Flexural modulus and the 
tensile and fracture properties from standardised ASTM and ISO procedures, [25; 32; 33]. 
 
The experiments were performed with all materials being dried as described in chapter 3 to 
ensure there was minimal water retained in the polymers. These were then stored in a desiccator 
to ensure they remained dry until testing.   
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5.2 Glass Transition Temperature 
Tests were performed as described in Chapter 3.2.2.  Table 5.1 shows the sizes used for the 3 
point bending DMTA tests.  
 
Table 5.1: Specimen sizes used for DMTA testing to determine the Tg.  
 PMMA Nylon 4/6 Nylon 6/12
l, (mm) 10 10 10 
b, (mm) 2.8 3 3 
d, (mm) 1.5 1.5 2 
 
Figure 5.1a and b shows tan δ plotted against a range of temperatures from  23oC to 200oC with 
Table 5.2 summarising the Tg values determined for each material tested. 
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Figure 5.1:  DMTA results to determine the Tg 
 
 
Table 5.2: Glass transition temperature of the candidate materials. 
 Tg (oC)
PMMA 130 
Nylon 4/6 90 
Nylon 6/12 65 
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5.3 Flexural Modulus 
This test was performed as described in Chapter 3.  Table 5.3 shows the typical geometry of the 
materials used for flexural modulus testing.  
 
Table 5.3: Specimen sizes used for flexural modulus tests for PMMA, nylon 4/6 and nylon 6/12.  
 PMMA Nylon 4/6 Nylon 6/12
l, (mm) 100 100 85 
b, (mm) 19 19 21.5 
d, (mm) 5 5 5.5 
 
Tests were performed after samples had equilibrated at the following temperatures; 23oC, 50oC, 
70oC and 90oC. 
 
A maximum linear displacement of 1.5mm was maintained to ensure no plastic deformation 
occurred in the material.  The flexural modulus for PMMA decreased approximately linearly 
with temperature, as shown in Figure 5.2 with the y-error bars representing the standard 
deviation of four repeat tests.   
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Figure 5.2: Flexural modulus of PMMA, nylon 4/6 and nylon 6/12 as a function of temperature. 
 
The nylons behaved differently, as they showed a steep decrease in the flexural modulus at 
temperatures below the glass transition temperature, Tg.  However, above Tg, the amorphous 
region of the nylon loses all its mechanical integrity leading to smaller changes in flexural 
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modulus with it tending to plateau out at higher temperatures, as shown in Figure 5.2.  This also 
accounts for the initial high flexural modulus.   
 
The chemical make up of a nylon greatly determines the glass transition temperature of the 
material, the flexural modulus curve of nylon 6/12 does not follow the same curve as that of the 
nylon 4/6, which is more linear.  This further proves that the glass transition temperature of the 
nylon 4/6 material is higher than that of the nylon 6/12.  
5.4 Tensile Properties 
5.4.1 Static Rate (10-4 ms-1) Tensile Tests 
Figure 5.3(a), (b) and (c) show the typical stress-strain curves obtained with Table 5.4 
summarising the results and Figure 5.4 showing that the values of the yield stress of all the 
materials appear to decrease almost linearly with temperature.  It is noteworthy that for PMMA 
at a test temperature of 23oC the material did not yield by the 0.2% offset definition but simply 
fractured.  Whereas the nylon 6/12 material became very ductile at higher temperatures, as 
shown in Figure 5.5. 
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Figure 5.3: Typical stress-strain curves of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 between 
the temperatures of 23oC and 90oC. 
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Figure 5.4: Yield stress of the three polymers with varying temperatures. 
 
 
 
Figure 5.5: (left) Untested tensile dumbbell; (centre) Specimen would fracture at a temperature 
of 50oC; (right) Specimens show higher ductility at a temperature of 90oC. 
 
 
A comparison between the tensile and flexural moduli results (as determined in Chapter 3) show 
the two values to be very similar, suggesting that there is little difference between the tensile 
and compressive modulus. 
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5.4.2 High Test Rate (1 ms-1) Tensile Tests 
Figure 5.6(a), (b) and (c), shows the typical stress-strain curves obtained for each of the 
materials over a range of temperatures. It is noteworthy that not all the specimens were recorded 
to failure, due to the very large strains observed at the higher temperatures. 
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Figure 5.6: typical stress strain curves of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 during high 
rate tensile tests. 
 
Figure 5.7 shows the yield stress calculated for each of the candidate materials between 23oC 
and 90oC.  It can be seen that similarly to the static tensile tests, the yield stress for the materials 
drop linearly with temperature above the its Tg.  It is also noteworthy that the PMMA material 
did not yield but fractured for temperatures up to and including 70oC.  
(a) (b) 
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Figure 5.7: Yield stresses of PMMA, nylon 4/6 and nylon 6/12. 
 
Table 5.4 summarises the yield stress values of the candidate materials at static and high testing 
rates and are shown graphically in Figure 5.8. 
 
Table 5.4: Yield stress of PMMA, nylon 4/6 and nylon 6/12 determined at static and high test 
rates. 
Yield stress (MPa) 
PMMA Nylon 4/6 Nylon 6/12 
Temp (oC) 
Static rate High rate Static rate High rate Static rate High rate 
23 52.2±0.1 89.0±1.8 78.8±1.1 80.00±1.3 75.1±3.7 84.0±2.6 
50 47±3.2 73.1±1.3 63.1±1.6 71.2±2.0 43.2±2.4 34.2±5.3 
70 36.2±2.6 49.4±5.5 48.8±1.1 50.3±0.5 32.3±1.9 24.7±1.2 
90 29±0.6 36.9±1.7 44.3±3.7 41.3±1.8 29.5±2.0 24.2±4.7 
 
The PMMA specimens simply fractured between 23oC and 70oC during high rate tests.   Whilst 
the yield stress for the nylons drop linearly for both testing rates with temperature, they have 
been found to be slightly lower during high rate tests when compared to the static rate results.  
Although this was not expected, a possible reason for the drop in yield stress with increased rate 
could be due to the inability to identify the ‘initial linear region’ of the stress-strain curve 
required to determine the 0.2% yield stress, as described in Chapter 3.  Another possible reason 
could be due to larger amounts of hysteretic heat being generated during high rate tests.  This 
may have resulted in the polymer heating up during the test. 
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            (c) 
Figure 5.8: Yield stress of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 during static and high rate 
tensile tests, over a range of temperatures. N.B. PMMA specimens fractured at 23oC during 
static rate tests and up 70oC at high rate tests. 
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5.5 Fracture Properties 
5.5.1 Introduction 
Four SENB tests were performed at each temperature for each material.  Machined notches of 
6mm were initially made in the specimens with the notch extended by razor tapping prior to 
testing.  This was found to be particularly difficult to perform on the nylon materials.  Initially, 
the specimens were cooled and notched, but this alone did not initiate a natural crack.  However, 
the use of a lightweight hammer enabled more control and for a natural crack to propagate from 
the machined notch.  Static and intermediate rate tests were performed at a cross-head speed of 
rate 10 mm min-1 (1.7x10-4ms-1) and 200 mm min-1 (3.3x10-3ms-1) respectively.  For the 
remainder of this thesis, these rates will be referred to by the order of magnitude of the cross-
head speed, i.e. 10-4ms-1 and 10-3ms-1 respectively.  
 
High rate tests were performed in accordance with [30] and [24] with an average crosshead 
speed of 1ms-1.  
5.5.2 Results for PMMA 
For PMMA, both the criteria set out by Equation 3.7 and Equation 3.8 were met at each 
temperature.  Table 5.5 shows the critical stress intensity values (KIC) determined using 
Equation 3.5 and fracture toughness values (GIC) determined using Equation 3.6.  A cross check 
on accuracy via the tensile modulus determined using Equation 3.10 and Equation 3.11 (Estiff 
and Efract respectively) is also shown in Table 5.5. 
 
The results at static rates show that PMMA fractured at forces of less than 100N and that it 
remained brittle regardless of the temperature.  As expected, Estiff was larger than Efract, but by 
no more than 15%.  KIC results show that temperature does not influence the critical stress 
intensity factor of PMMA greatly over this range.   
 
Similarly, GIC also did not decrease with temperature (Figure 5.10) suggesting that the same 
amount of energy is required to fracture the specimen within this temperature range.  These 
fracture toughness values agrees to within ±10% of GIC values determined via Equation 3.9. 
 
Increasing the rate, to 200 mm min-1 showed a decrease in KIC and GIC with temperature 
however, high levels of scatter was evident in the calculation of GIC from Equation 3.6, as 
shown in Figure 5.10.  This is believed to have originated from the low forces required to 
fracture the material and the slow response time of the load cell at higher crosshead speeds. 
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These factors contributed to very few data points being recorded; giving poor resolution and 
leading to an inaccurate calculation of the fracture toughness of the material. 
 
At the higher test rate of 1ms-1, the fracture toughness of PMMA appeared to have an overall 
increase for each testing temperature compared to the static and intermediate test results, as 
shown in Figure 5.10.  It was believed that with an increase in rate the material became more 
linear (as judged by the PMAX/PQ criterion) and a decrease in fracture toughness would be 
observed.  This however, was not the case. 
 
One possible reason for this could be due to the low forces required to fracture the material 
being ‘over-shadowed’ by the dynamic oscillations, giving the misconception of a higher force 
being required to fracture the specimen, as shown in Figure 5.9(a), and although adding a 
damper did smooth the curve, (Figure 5.9, (b) critical damping, and (c) overdamping), a higher 
force was still recorded.   
0
100
200
Time
Fo
rc
e 
(N
)
(a) (b) (c)
 
Figure 5.9 (a): Force-time plot of undamped specimen with the true data from fracturing process 
being over shadowed by the dynamic effects, (b): force-time plot of a critical damping, (c): force-
time plot of overdamping. 
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Figure 5.10: GIC versus temperature for PMMA at static, intermediate and high test rates.  
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Table 5.5: KIC and GIC values for PMMA at static, intermediate and high test rates. 
 Static (10-4 ms-1) Intermediate (10-3 ms-1) High (1 ms-1) 
KIC (MPa √m) GIC (kJ m-2) KIC (MPa √m) GIC (kJ m-2) KIC (MPa √m) GIC (kJ m-2) 
Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) 
 
 
Specimen 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 
1 0.96 1.17 1.11 0.86 0.15 0.47 0.49 0.40 1.08 1.32 0.61 0.72 1.02 1.22 0.32 0.41 1.76 1.69 1.57 1.69 1.45 1.37 1.62 1.35 
2 1.14 1.16 1.16 0.95 0.40 0.58 0.58 0.50 1.27 1.22 0.82 0.80 1.24 0.65 0.16 0.62 1.94 1.98 1.59 1.99 0.90 1.73 1.13 1.04 
3 1.20 1.14 0.94 0.97 0.49 0.56 0.34 0.57 1.27 1.07 0.92 0.70 0.72 0.26 0.57 0.44 1.47 1.79 1.44 1.88 1.39 1.25 1.36 1.25 
4 1.07 1.06 0.97 - 0.37 0.54 0.32 - - 1.00 - - - 0.63 - - 1.79 1.93 1.76 - 1.66 1.36 1.64 - 
Avg. 1.09 1.13 1.05 0.93 0.42 0.54 0.43 0.49 1.21 1.15 0.68 0.74 1.00 0.69 0.35 0.49 1.74 1.85 1.59 1.85 1.35 1.43 1.44 1.21 
S.D. 0.10 0.05 0.12 0.06 0.14 0.05 0.13 0.09 0.11 0.14 0.24 0.05 0.26 0.40 0.20 0.11 0.20 0.13 0.13 0.15 0.32 0.21 0.24 0.16 
Avg. Estiff 2667 2218 2246 1563     2362 2348 1523 1033     2534 2094 1906 1868     
Avg. Efract 2578 2114 2151 1546     1718 1915 1434 820     2155 1959 1646 2300     
Difference (%) 4.7 4.7 4.3 1.1     27 18 6 21     15 6 14 -     
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5.5.3 Results for Nylon 4/6 
As with PMMA, four tests were initially performed at 23oC and 50oC.  As the temperature 
increased it was clear that the material properties were changing with it becoming more tough 
and ductile and increasingly failing the linearity criterion with rises in temperature.  However, 
the linearity criterion was met at room temperature, as shown in Table 5.6. 
 
A cross check on the accuracy of the results show that Estiff is only slightly larger than Efract.  
Strictly, most of the results are invalid, with the tests failing the linearity criterion, i.e. PMAX/PQ 
< 1.1 not being attained.  Although the failure in linearity criterion prevents any firm conclusion 
being drawn about KIC at temperatures above 23oC.  It is noteworthy that there appears to be an 
initial drop in KIC with increasing temperature.  This is similar to the fracture toughness, which 
also shows a decrease with increasing temperature. Even with an increase in test rate to          
200 mm min-1, the polymer continued to fail the linearity criterion at temperatures above 23oC, 
although, by a smaller margin, suggesting that increasing the rate and hence decreasing the 
time-to-fracture helped to make the material less ductile, even at higher temperatures.  A similar 
problem to the PMMA was found for the GIC values; scatter being observed, as shown in Figure 
5.11. 
 
Increasing the test rate to 1ms-1 resulted in the polymer exhibiting brittle fracture at each 
temperature with PMAX/PQ<1.1.  As expected, Estiff is higher that Efract but within the 15% limit.  
This data shows the critical stress intensity factor and the fracture toughness to be relatively 
insensitive to test temperature, as shown in Figure 5.11. 
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Figure 5.11 GIC versus temperature for nylon 4/6 at static, intermediate and high test rates. 
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Table 5.6: KIC and GIC values for nylon 4/6 at static, intermediate and high test rates. 
 Static (10-4 ms-1) Intermediate (10-3 ms-1) High (101 ms-1) 
KIC (MPa √m) GIC (kJ m-2) KIC (MPa √m) GIC (kJ m-2) KIC (MPa √m) GIC (kJ m-2) 
Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) 
 
 
Specimen 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 
1 3.85 3.07* 3.16* 1.68* 4.65 2.78 3.93 1.95 3.97 3.57* 3.60* 2.20* 4.51 4.79 5.74 2.31 2.71 2.70 2.93 2.95 2.55 2.80 2.74 3.78 
2 3.80 3.34* 2.96* 1.71* 4.69 3.33 3.70 1.83 4.00 3.35* 3.43* 2.14* 5.42 2.96 5.11 3.20 3.01 2.75 2.75 3.06 2.57 2.29 2.90 4.08 
3 3.67 3.01* 3.39* 2.18* 4.47 3.21 4.54 1.73 3.80 3.47* - 2.22* 5.82 3.96 - 2.14 2.63 2.80 3.05 3.01 2.85 2.78 3.76 3.96 
4 3.55 3.35 - - 3.94 3.80 - - - 3.27* - - - 3.47 - - - - - - - - - - 
Avg. 3.72 3.19 3.17 1.86 4.37 3.28 4.05 1.83 3.92 3.42 3.52 2.18 5.62 3.80 5.43 2.55 2.78 2.75 2.91 3.01 2.66 2.62 3.13 3.94 
S.D. 0.13 0.18 0.31 0.28 0.35 0.42 0.43 0.11 0.11 0.13 0.12 0.04 0.67 0.78 0.44 0.57 0.20 0.05 0.15 0.05 0.16 0.29 0.55 0.15 
Avg. Estiff 3251 3152 2414 1762     3348 3120 2799 2102     2917 3172 2624 2241     
Avg. Efract 2750 2688 2177 1746     2383 2760 1934 1768     2582 2705 2227 2133     
Difference 
(%) 
15 15 9.8 1     
29 12 31 16     11 15 15 5     
 
 
Note: * indicates that specimen did not meet the linearity criteria 
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5.5.4 Results for Nylon 6/12 
Due to the geometry of the nylon 6/12 tube, arc-shaped bend tests were performed on the 
material as described in Chapter 3.  Twelve arc-shaped bend specimens were made from the 
tube with an average initial crack length of 7 mm being machined and razor tapped.  The results 
determined are summarised in Table 5.7 and shown graphically in Figure 5.12. 
 
It was observed that the specimens failed the linearity criterion by a considerable margin (i.e. 
PMAX/PQ >1.4) at temperatures above 23oC during static rate testing.  KIC and GIC values 
decreased with temperature, however, the results cannot be deemed to be conclusive due to the 
failure of the linearity criterion.  This was also true for tests conducted at a crosshead speed of 
200 mm min-1.  However, an increase in test rate to 1ms-1 ensured that all tests met the linearity 
criterion but are higher then those calculated at the test speeds.  Similarly to the nylon 4/6, the 
fracture toughness of this material is also seen to increase with temperature.   
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Figure 5.12: GIC versus temperature for nylon 6/12 at static, intermediate and high test rates. 
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Table 5.7: KIC and GIC values for nylon 6/12 at static, intermediate and high test rates. 
 Static (10-4  ms-1) Intermediate (10-3  ms-1) High (1 ms-1) 
KIC (MPa √m) GIC (kJ m-2) KIC (MPa √m) GIC (kJ m-2) KIC (MPa √m) GIC (kJ m-2) 
Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) Temperature (OC) 
 
 
Specimen 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 23 50 70 90 
1 4.88 2.44* 1.73* 1.38* 7.93 5.07 5.26 2.59 4.86 2.05* 1.50* 1.34* 8.95 3.68 1.79 2.63 4.03 4.03 3.93 3.51 9.07 12.07 12.25 13.84 
2 4.62 2.70* 2.00* 1.59* 8.20 5.92 4.64 2.90 4.74 2.19* 1.41* 1.69* 8.04 4.07 2.47 2.57 4.34 3.96 3.73 3.72 8.34 10.05 10.64 13.34 
3 - 2.54* - 1.21* - 6.29 - 1.37 4.80 2.28* 1.65* 1.48* 9.57 4.30 3.54 4.37 3.98 - 3.71 3.45 8.19 - 12.41 11.53 
Avg. 4.75 2.56 1.87 1.39 8.06 5.76 4.95 2.29 4.80 2.17 1.52 1.50 8.85 4.02 2.60 3.19 4.12 3.99 3.79 3.56 8.56 11.06 11.77 12.90 
S.D. 0.18 0.13 0.20 0.19 0.19 0.63 0.44 0.81 0.06 0.12 0.12 0.18 0.77 0.32 0.88 1.02 0.20 0.05 0.12 0.14 0.47 1.42 0.98 1.22 
 
 
Note: * indicates that specimen did not meet the linearity criteria 
 
                                                                                                Results from Standard Tests                             
87 
5.6 Concluding remarks 
Standard SENB and tensile tests were performed on PMMA, nylon 4/6 and nylon 6/12.  SENB 
tests were performed at three velocities (0.0001ms-1, 0.003ms-1 and 1ms-1), with tensile tests at 
velocities of 0.001 ms-1 and 1ms-1.  Both tests were conducted at four temperatures (23oC, 50oC, 
70oC and 90oC).  Although machining is performed at far higher rates and generates higher 
temperatures, these conditions were selected to limit the dynamic effects experienced during 
cutting.    
 
PMMA exhibited brittle fracture at all temperatures and test speeds requiring forces under 100N 
to break.  Nylon 4/6 and 6/12 however, exhibited ductile fracture and were found to be tough, 
requiring maximum forces in excess of 150N to propagate a crack.  These latter materials failed 
the linearity criterion at temperatures above 23oC at the lower test rate.  However, they passed 
the criterion at higher test rates, due to a decrease in the time the material had to deform in a 
ductile manner.    
 
Similar results were observed from the tensile tests.  An increase in temperature led to higher 
ductility of the nylons, leading to an increase in strain with the yield stress decreasing.  PMMA 
and nylon 4/6 had initial yield stress values 52 MPa and 79 MPa respectively, these values were 
seen to decrease linearly with an increase in temperature.  The yield stress for nylon 6/12 was 
deduced to be 75 MPa at a test temperature of 23oC, the values however, began to plateau 
beyond test temperatures of 70oC.  This suggested that the temperature of the material was 
above its glass transition temperature.  This was later confirmed by DMTA tests performed on 
the candidate materials.  However, as the rate was increased to 1 ms-1 the yield stress values for 
all materials were observed to drop linearly with an increase in temperature.  
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Chapter 6 
6 RESULTS FROM CUTTING TESTS ON POLYMERS 
6.1 Introduction 
Chapter 5 focused on determining material properties using standard tensile and SENB test 
methods.  This chapter will focus on determining these properties by applying the Williams 
model cutting analysis derived in Chapter 4 to cutting tests performed on the three polymers 
using the cutting rig and procedure developed in Chapter 3.   
 
Tests were performed at two speeds, 0.01ms-1 and 0.1ms-1.  Although in industry machining is 
performed at far greater speeds (typically >1ms-1), low rate testing eliminates any dynamic 
effects encountered during the cutting process, which avoids this added complexity.  To better 
understand how the forces vary with cutting rake angles, tests have been performed using six 
different rake angles of -20o, 0 o, 10o, 15o, 20o and 30o.   
 
Machining at high cutting rates (>1 ms-1) generates heat, which can result in the melting of the 
chip and surface if sufficiently high, or can modify the material properties locally even at lower 
temperatures melting of nylon during machining was evident in Figure 1.1.  Although at the test 
rates selected, the temperatures were not expected to reach these extremely high values, the 
temperatures during cutting were measured by use of a thermal imaging camera.   
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6.2 Results of Cutting at 0.01ms-1 
6.2.1 Results for PMMA 
Due to the brittle nature of PMMA it was expected that no continuous chips would be formed.  
This however, proved not to be the case.  Discontinuous chip formation only occurred at tests 
performed with a cutting rake angle of 30o for tests performed within the range of cutting depths 
employed.  Testing at this rake angle caused unstable crack propagation and resulted in the 
specimen fracturing and leaving a rough surface finish on the workpiece. Cutting at all other 
rake angle produced continuous chip formation.   
 
Experiments were conducted at a number of different cutting depths distributed within the range 
0.02 mm < h < 0.25 mm.  This ensured that the load cell was not subjected to excessive 
bending moments during cutting which would result in inaccurate measurements and possible 
damage to the rig.  The parallel and normal cutting forces were recorded within the steady state 
region as described in Chapter 3.  Figure 6.1 shows the measured forces over the range of rake 
angles where continuous chip formation occurred, i.e. -20o to 20o. 
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Figure 6.1: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of PMMA for 
various rake angles at a test rate of 0.01ms-1. 
 
From these measurements, the forces per unit width i.e. Fc/b and Ft/b were determined and these 
data were plotted against the depth of cut for each rake angle.  These data were analysed using 
Equation 4.12 and Equation 4.13 with the Excel solver function optimising the values for Z, σY 
h  and Gc.  This is seen in Figure 6.2 where the experimental data points and the theoretically 
predicted lines of Fc/b and Ft/b are plotted against h for the five rake angles -20o, 0o, 10o, 15o 
and 20o for PMMA.   
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Figure 6.2: Experimental data points and theoretical values of Fc/b and Ft/b for PMMA for each 
rake angle at a cutting speed of 0.01ms-1.  The lines represent the calculated values. 
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Table 6.1 summaries the material properties determined from the tests conducted with each rake 
angle.  These are shown graphically, with the y-error bars representing the errors calculated 
using linear statistical analysis as described in [63].  These however, are only indicative of the 
possible error involved in the analysis.  These tests are inherently non-linear at low cutting 
depths (as can be seen at depths of cut lower than 0.01 mm in Figure 6.2) and as a result of this, 
the errors associated with them would differ from the linear fit.  However, the error calculations 
for these tests lead to a variety of complications.  It was later understood that in order to 
determined a correct and accurate measurement of the error, several cuts must be performed 
within the non-linear region.  This would enable the error analysis to determine the path of the 
curved region.  
 
Table 6.1: Results for PMMA at a cutting rate of 0.01ms-1. 
Material Property Rake 
angle  
(o) 
Coefficient of Friction 
μ 
Yield Stress 
σY (MPa) 
Fracture toughness  
Gc (kJm-2) 
Adhesion toughness 
Ga (kJm-2) 
-20 0.24 ± 0.01 234 ± 15 0.99 ± 0.46 2.01 ± 0.45 
0 0.30 ± 0.01 252 ± 6 1.09 ± 0.26 3.15 ± 0.35 
10 0.40 ± 0.01 251 ± 8 1.07 ± 0.32 3.96 ± 0.15 
15 0.39 ± 0.01 272 ± 12 0.84 ± 0.29 4.20 ± 0.06 
20 0.45 ± 0.01 275 ± 7 0.98 ± 0.34 7.80 ± 0.07 
Average - 257 0.99 - 
S.D. - 17 0.10 - 
 
Figure 6.3 shows the coefficient of friction increases steady within the range of rake angles 
tested.   
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Figure 6.3: Coefficient of friction for PMMA as a function of rake angle at a cutting rate of 
0.01ms-1. 
 
The yield stress did not show any dependence on the rake angle with an average of (257 ± 17) 
MPa being measured over the test range as shown in Figure 6.4.  The fracture toughness was 
also found to be independent of rake angle.  However, the adhesion toughness showed a high 
level of dependency on the rake angle, with a sharp increase at 20o.  
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Figure 6.4: Yield stress for PMMA as a function of rake angle at a cutting rate of 0.01ms-1. 
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Figure 6.5: Fracture and adhesion toughness for PMMA as a function of rake angle at a cutting 
rate of 0.01ms-1. 
 
The chips formed during cutting were straight with some curvature observed on the tail due to 
the mechanism by which the chip is removed from the workpiece, as shown in Figure 6.6.  
Significant curvature only occurred at the higher depths of cut at rake angles of 15o and above.   
 
A good agreement is observed between the theoretical and experimental shear angles (i.e. 
between tan φ1 and tan φ2) calculated from Equation 4.8 and Equation 4.9 as shown in Figure 
6.7. 
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Figure 6.6: Chips formed at each rake angle and cutting depth for PMMA, at a cutting rate of 
0.01ms-1. 
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Figure 6.7: Comparison of the experimental shear angle (φ2) with the theoretical shear angle (φ1) 
for PMMA at a cutting rate of 0.01ms-1. 
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6.2.2 Results for Nylon 4/6 
Tests were performed on nylon 4/6 with depths of cut between 0.03 mm and 0.25 mm.  The 
material cut with few vibrations observed on the force trace, leaving a visually smooth surface 
finish.  This led to a high level of precision, accuracy and smoothness of subsequent cuts, with 
continuous chips formed at all rake angles from -20o to 30o.  
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Figure 6.8: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 4/6 for 
various rake angles at a test rate of 0.01ms-1. 
 
Cutting with a negative rake angle resulted in the specimen being subjected to increasing 
normal forces as the depth of cut was increased.  However, as the rake angle was increased the 
resultant force changed from positive, (a force pushing on the specimen) to negative (a force 
pulling on the specimen) as is shown in Figure 6.8.   
 
These data were analysed using Equation 4.12 and Equation 4.13.  The experimental and fitted 
values of FC/b and Ft/b are plotted against h for each rake angle in Figure 6.9.  Again, the 
experimental data are shown as the points, with the theoretical values plotted as the lines.   
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Figure 6.9: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 4/6 for 
each rake angle at a cutting speed of 0.01ms-1.  The lines represent the calculated values.   
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Table 6.2 summarises the material properties determined from the analysis of each data set.   
 
Table 6.2: Material properties for nylon 4/6 at a cutting rate of 0.01ms-1. 
Material Property Rake 
angle 
(o) 
Coefficient of Friction 
μ 
Yield Stress 
σY  (MPa) 
Fracture toughness 
Gc (kJm-2) 
Adhesion toughness 
Ga (kJm-2) 
-20 0.21 ± 0.01 155 ± 7 4.25 ± 0.37 4.13 ± 0.23 
0 0.10 ± 0.01 156 ± 6 3.78 ± 0.35 1.88 ± 0.04 
10 0.24 ± 0.01 159 ± 10 3.57 ± 0.59 2.51 ± 0.08 
15 0.22 ± 0.01 147 ± 8 4.12 ± 0.36 2.89 ± 0.18 
20 0.26 ± 0.01 148 ± 4 3.85 ± 0.20 1.48 ± 0.03 
30 0.30 ± 0.01 137 ± 5 3.55 ± 0.19 1.49 ± 0.05 
Average - 150 3.85 - 
S.D. - 8 0.06 - 
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Figure 6.10: Coefficient of friction for nylon 4/6 as a function of rake angle at a cutting rate of 
0.01ms-1. 
 
Overall, the coefficient of friction shows an increase with increasing rake angle however, a low 
value was determined at 0o this is most likely to be related to the surface of the tool.  The tools 
supplied were ½ inch square with the rake angle ground out.  As grinding for the 0o rake angle 
was not required, a different surface finish existed on the tool.   
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It would be expected that at higher rake angles, no further increase in the coefficient of friction 
would be anticipated.  The same behaviour would also be expected at greater negative rake 
angles.  This is what is broadly observed in Figure 6.10.  
 
The Yield stress shown in Figure 6.11, was found to be approximately constant, regardless of 
the rake angle employed.  The fracture toughness was also independent of the cutting rake 
angle.  Similar results were observed for the adhesion toughness.  However, the adhesion 
toughness peaked when cutting with a negative rake angled tool, as shown in Figure 6.12. 
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Figure 6.11: Yield stress for nylon 4/6 as a function of rake angle at a cutting rate of 0.01ms-1. 
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Figure 6.12: Fracture and adhesion toughness for nylon 4/6 as a function of rake angle at a 
cutting rate of 0.01ms-1. 
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Figure 6.13 shows the chips produced over the range of cutting depths and tool rake angles 
used.  All the chips curled inwards, however the degree of the tightness of the chip curl was 
dependant on the depth of cut.  With a smaller depth of cut resulting in a more tightly curled 
chip.  
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Figure 6.13: Chips formed at each rake angle and cutting depth for nylon 4/6, at a cutting rate of 
0.01ms-1. 
 
Figure 6.14 compares the measured shear angle (φ2) with the calculated value (φ1) determined 
using Equation 4.9 and Equation 4.8 respectively.  The two values are within 10% however, as 
the rake angle increased the two values began to show a higher level of scatter.  
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Figure 6.14: Comparison of the experimental shear angle (φ2) with the theoretical shear angle 
(φ1) for nylon 4/6 at a cutting rate of 0.01ms-1. 
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6.2.3 Results nylon 6/12 
Tests were performed on this material using depths of cut between 0.03mm and 0.25mm.  The 
material cut with little vibration detected by the load cell.  This suggested very smooth and even 
cuts were taken from the workpiece, as was evident by the surface finish on both the workpiece 
and chip.  Figure 6.15 shows the measured forces at each depth of cut, with Figure 6.16 showing 
the experimental and fitted values of Fc/b and Ft/b for each rake angle.   
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Figure 6.15: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 6/12 for 
various rake angles at a test rate of 0.01ms-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                             Results from Cutting Tests on Polymers                             
103 
 
 
 
0
10
20
30
40
50
60
0 0.1 0.2
h  (mm)
 F
/b
 (N
/m
m
)
Fc/b
Ft/b
0
10
20
30
40
50
0 0.1 0.2
h  (mm)
 F
/b
 (N
/m
m
)
Fc/b
Ft/b
 
a) α = -20o b) α = 0o 
0
10
20
30
40
0 0.05 0.1 0.15 0.2
h  (mm)
 F
/b
 (N
/m
m
)
Fc/b
Ft/b
0
10
20
30
40
0 0.05 0.1 0.15 0.2
h  (mm)
 F
/b
 (N
/m
m
)
Fc/b
Ft/b
 
c) α = 10o d) α = 15o 
0
10
20
30
40
0 0.1 0.2 0.3
h  (mm)
 F
/b
 (N
/m
m
)
Fc/b
Ft/b
-10
0
10
20
30
0 0.1 0.2 0.3
h  (mm)
 F
/b
 (N
/m
m
)
Fc/b
Ft/b
 
e) α = 20o f) α = 30o 
Figure 6.16: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 6/12 for 
each rake angle at a cutting speed of 0.01ms-1. 
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Table 6.3 summarises the mechanical and fracture properties determined for the material.   
 
Table 6.3: Material properties for nylon 6/12 at a cutting rate of 0.01ms-1. 
Material Property 
Rake 
angle (o) 
Coefficient of Friction 
μ 
Yield Stress 
σY  (MPa) 
Fracture toughness Gc 
(kJm-2) 
Adhesion toughness Ga 
(kJm-2) 
-20 0.22 ± 0.02 165 ± 9 4.02 ± 0.32 5.56 ±0.27 
0 0.30 ± 0.01 158 ± 24 3.34 ± 0.48 2.04 ± 0.48 
10 0.23 ± 0.01 171 ± 13 3.89 ± 0.53 4.54 ± 0.53 
15 0.28 ± 0.01 127 ± 8 3.08 ± 0.48 3.23 ± 0.07 
20 0.33 ± 0.01 121 ± 14 3.40 ± 0.74 3.18 ± 0.13 
30 0.36 ± 0.02 113 ± 6 3.51 ± 0.34 2.00 ± 0.06 
Average - 142 3.54 - 
S.D. - 21.1 0.43 - 
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Figure 6.17: Coefficient of friction for nylon 6/12 as a function of rake angle at a cutting rate of 
0.01ms-1. 
 
The coefficient of friction increased with rake angle, as shown in Figure 6.17.  The yield stress 
and fracture toughness show little correlation with rake angle however, the adhesion toughness 
drops with rake angle, with, a lower than average value for Ga is measured at a test rake angle of 
0o.   
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Figure 6.18: Yield stress for nylon 6/12 as a function of rake angle at a cutting rate of 0.01ms-1. 
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Figure 6.19: Fracture and adhesion toughness for nylon 6/12 as a function of rake angle at a 
cutting rate of 0.01ms-1. 
 
The chips curled inwards however, the degree of curvature depended on the depth of cut, with 
higher depths of cut producing a tighter curl than at the lower cutting depths.  This can bee seen 
in Figure 6.20 where the chips produced over the range of rake angles and depths of cut are 
shown.  It is also noteworthy that increasing the rake angle decreased the probability of 
producing curled chips, this may be due to the direction of the resultant forces applied to the 
chip, hence varying the amount of bending moment applied.     
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Figure 6.20: Chips formed at each rake angle and cutting depth for nylon 6/12, , at a cutting rate 
of 0.01ms-1 
 
A good agreement is observed between the values of tan φ1 and tan φ2 (calculated from Equation 
4.8 and Equation 4.9 respectively), with the two values agreeing to within 10% as shown in 
Figure 6.21. 
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Figure 6.21: Comparison of the experimental shear angle (φ2) with the calculated shear angle 
(φ1) for nylon 6/12 at a cutting rate of 0.01ms-1. 
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6.3 Results of Cutting at 0.1ms-1 
6.3.1 Results for PMMA 
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Figure 6.22: Plot of cutting force and transverse force versus time for PMMA at a rate of    
0.1ms-1. A 0.2mm cut was taken. 
 
At this test rate, higher levels of vibrations were observed during machining at cutting depths of 
0.15 mm and above.  Figure 6.22 shows the force traces recorded during a cut of 0.2 mm with a 
rake angle of 10o.  A high level of scatter resulted in an inaccurate measurement of Fc and Ft.  
This was overcome by limiting the maximum depth of cut to 0.15 mm.  At this test rate, the 
average force was deduced from the middle section of cutting.  This was to limit the amount of 
dynamic forces during the initial and final stages of interaction between the tool and workpiece 
being accounted for, this region is shown as f in Figure 6.22.  The forces measured within this 
range are shown in Figure 6.23.   
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Figure 6.23: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of PMMA for 
various rake angles at a test rate of 0.1ms-1. 
 
Figure 6.24 shows the experimental data points and fitted lines of Fc/b and Ft/b determined for 
each rake angle by fitting Equation 4.12 and Equation 4.13 to the measured force values.  
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Figure 6.24: Experimental data points and theoretical values of Fc/b and Ft/b for PMMA for each 
rake angle at a cutting speed of 0.1ms-1. 
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Table 6.4 summarises the values of the material properties deduced from these data.  Again the 
solver function in Microsoft Excel was used to determine these.   
 
Table 6.4: Material properties deduced for PMMA at a cutting rate of 0.1ms-1. 
Material Property 
Rake 
angle (o) 
Coefficient of 
Friction μ 
Yield Stress 
σY (MPa) 
Fracture toughness 
Gc (kJm-2) 
Adhesion toughness 
Ga (kJm-2) 
-20 0.13 ± 0.05 217 ± 30 1.20 ± 1.12 4.11 ± 0.71 
0 0.04 ± 0.01 274 ± 15 1.38 ± 0.49 6.93 ± 0.22 
10 0.15 ± 0.05 256 ± 12 0.96 ± 0.46 8.53 ± 0.11 
15 0.11 ± 0.01 242 ± 16 1.27 ± 0.45 7.86 ± 0.10 
20 0.23 ± 0.03 267 ± 33 1.40 ± 1.04 8.85 ± 0.22 
Average - 251 1.24 - 
S.D. - 23 0.18 - 
 
The coefficient of friction as shown in Figure 6.25 halves, when compared the tests performed 
at the lower test speed.  Higher normal forces are recorded during cutting at this rate leading to a 
resultant force acting away from the workpiece, resulting in a visually rougher and coarser 
finish on the surface of the workpiece.   
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Figure 6.25: Coefficient of friction for PMMA at a cutting rate of 0.1ms-1. 
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Figure 6.26: Yield stress for PMMA at a cutting rate of 0.1ms-1. 
 
The yield stress was found to be approximately independent of test rate for the range of rake 
angles employed, as shown in Figure 6.26.  The values of the fracture toughness (Figure 6.27) 
of the material show an average of (1.24 ± 0.18) kJm-2, although, a high level of scatter is 
observed, which is possibly due to the high levels of noise measured by the load cell during 
cutting.  The adhesion toughness (Figure 6.27) increased markedly with test rate.   
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Figure 6.27: Fracture and adhesion toughness for PMMA at a cutting rate of 0.1ms-1. 
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Figure 6.28 shows that the chips formed with very little curvature, with the cut surface of the 
workpiece being significantly rougher compared to the lower rates tests.  Figure 6.29 compares 
the theoretical and experimental shear angles (tan φ1 and tan φ2) calculated from Equation 4.8 
and Equation 4.9.   
 
 
-20o 
 
 
0o 
 
 
 
10o 
 
 
15o 
 
 
 
 
 
α 
 
20o 
 
        0.04    0.10      0.13    0.16 0.20 
  Average depth of cut (mm) 
Figure 6.28: Chips formed at each rake angle and cutting depth for PMMA, at a cutting rate of 
0.1ms-1. 
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Figure 6.29: Comparison of the experimental shear angle (φ2) with the calculated shear angle 
(φ1) for PMMA at a cutting rate of 0.1ms-1. 
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6.3.2 Results for Nylon 4/6 
 
At this higher test rate, cutting tests for the nylon 4/6 were limited to depths of cut lower than 
0.2 mm.  This was due to the excessive vibrational forces measured at the higher depths of cut, 
as described in 6.3.1.  Although continuous chip formation was still observed at depths of cut 
above 0.2 mm, the excessive vibrations experienced by the cutting rig resulted in an inaccurate 
measurement of Ft.  To eliminate this, the cutting depth was limited to values within the range 
0.025 mm – 0.2 mm.  Figure 6.30 shows the forces measured over this range for each rake angle 
used.   
 
-50
0
50
100
150
200
250
300
0 0.05 0.1 0.15 0.2 0.25
h  (mm)
Fo
rc
e 
(N
)
-20
0
10
15
20
30
Fc
Ft
 
Figure 6.30: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 4/6 for 
various rake angles at a test rate of 0.1ms-1. 
 
This data was analysed using the Excel spreadsheet as before.  Figure 6.31 shows the 
experimental data points and fitted values of Fc/b and Ft/b.  
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Figure 6.31: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 4/6 for 
each rake angle at a cutting speed of 0.1ms-1. 
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Table 6.5 summarises the mechanical and fracture properties determined from data using the 
analysis previously described.   
 
Table 6.5: Material properties deduced for nylon 4/6 at a cutting rate of 0.1ms-1. 
Material Property 
Rake angle 
(o) 
Coefficient of 
Friction 
Yield Stress 
(MPa) 
Fracture toughness 
(kJm-2) 
Adhesion toughness 
(kJm-2) 
-20 0.10 ± 0.05 156 ± 29.9 4.65 ± 1.07 4.68 ± 0.47 
0 0.02 ± 0.01 166 ± 6.7 4.45 ± 0.30 2.16 ± 0.06 
10 0.15 ± 0.03 166 ± 8.0 4.67 ± 0.39 2.77 ± 0.12 
15 0.12 ± 0.01 175 ± 9.7 3.47 ± 0.55 2.82 ± 0.08 
20 0.15 ± 0.01 169 ± 6.8 3.93 ± 0.34 2.01 ± 0.06 
30 0.19 ± 0.01 158 ± 3.6 3.68 ± 0.17 1.80 ± 0.08 
Average - 165 4.14 - 
S.D. - 7 0.52 - 
 
At this cutting rate the average coefficient of friction (Figure 6.32) dropped by 30%, when 
compared to the cutting rates of 0.01ms-1.  This could be due to a number of contributing 
factors.  The measured values of Ft were found to be on average 200% higher than the values 
measured at the lower cutting rate with the cutting force and intercept also being higher than at 
0.01 ms-1.  The value of the coefficient of friction dropped significantly at a rake angle of 0o.  
This may be the result of the different surface finish on the rake face, as described previously. 
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Figure 6.32: Coefficient of friction for nylon 4/6 as a function of rake angle at a cutting rate of 
0.1ms-1.  
 
The yield stress was found to be independent of rake angle, as shown in Figure 6.33.  The 
fracture toughness (Figure 6.34) was found to be constant through the range of cutting tests 
performed.  This is also observed for the adhesion toughness however, an initial peak value of 
(4.68 ± 0.47) kJm-2 was measured at a rake angle of -20o.   
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Figure 6.33: Yield stress for nylon 4/6 as a function of rake angle at a cutting rate of 0.1ms-1. 
                                                                             Results from Cutting Tests on Polymers                             
119 
0
1
2
3
4
5
6
7
8
9
10
-30 -20 -10 0 10 20 30 40
Rake Angle (o)
G
 (k
Jm
-2
)
Gc
Ga
 
Figure 6.34: Fracture and adhesion toughness for nylon 4/6 as a function of rake angle at a 
cutting rate of 0.1ms-1. 
 
Figure 6.35 shows the chips formed over the range of cutting depths and test rake angle.  It can 
again be seen that all the chips curled inwards.  Figure 6.36 compares the theoretical and 
experimental shear angles (tan φ1 and tan φ2 respectively).  A good agreement is again observed 
between the two sets of values with Equation 4.8 agreeing to within 15% of Equation 4.9.  
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Figure 6.35: Chips formed at each rake angle and cutting depth for nylon 4/6, at a cutting rate of 
0.1ms-1. 
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Figure 6.36: Comparison of the experimental shear angle (φ2) with the theoretical shear angle 
(φ1) for nylon 4/6 at a cutting rate of 0.1ms-1. 
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6.3.3 Results for Nylon 6/12 
At cutting depths above 0.2mm a high level of vibrational noise was measured by the force 
sensor.  Therefore tests were again limited to a maximum cutting depth of 0.2mm.  Figure 6.37 
shows the measured forces for each test, with Figure 6.38 showing the experimental data points 
and the fitted lines of Fc/b and Ft/b.   
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Figure 6.37: Cutting (Fc) and normal (Ft ) forces during the steady state cutting of nylon 6/12 for 
various rake angles at a test rate of 0.1ms-1. 
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Figure 6.38: Experimental data points and theoretical values of Fc/b and Ft/b for nylon 6/12 for 
each rake angle at a cutting speed of 0.1ms-1. 
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Table 6.6 summarises the mechanical and fracture properties determined from the analysis 
performed on these data.   
 
Table 6.6: Material properties for nylon 6/12 at a cutting rate of 0.1ms-1. 
Material Property 
Rake angle 
(o) 
Coefficient of 
Friction, μ 
Yield Stress 
σY (MPa) 
Fracture toughness 
Gc (kJm-2) 
Adhesion toughness 
Ga (kJm-2) 
-20 0.22 ± 0.02 140 ± 16.9 4.48 ± 0.55 3.88 ± 0.30 
0 0.19 ± 0.02 182 ± 35.4 3.93 ± 0.83 3.65 ± 0.31 
10 0.23 ± 0.01 171 ± 11.4 3.89 ± 0.54 4.54 ± 0.08 
15 0.23 ± 0.01 133. ± 10.1 4.29 ± 0.56 3.22 ± 0.53 
20 0.28 ± 0.01 171 ± 11.2 3.49 ± 0.53 3.47 ± 0.02 
30 0.30 ± 0.01 135 ± 3.0 4.44 ± 0.09 1.81 ± 0.04 
Average - 155 4.09 - 
S.D. - 19 0.31 - 
 
The coefficient of friction showed an increase with rake angle but reached a plateau at the 
higher rake angles.  This implies that any further increases in the rake angle would result in a 
constant value of the coefficient of friction beyond a threshold value, regardless of any changes 
in Ft.  The beginning of this can be observed in Figure 6.39 as the coefficient of friction begins 
to plateau above a rake angle of about 20o.  
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
-30 -20 -10 0 10 20 30 40
Rake Angle (o)
C
oe
ff
ic
ie
nt
 o
f F
ric
tio
n
 
Figure 6.39: Coefficient of friction for nylon 6/12 as a function of rake angle at a cutting rate of 
0.1ms-1. 
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Figure 6.40: Yield stress for nylon 6/12 as a function of rake angle at a cutting rate of 0.1ms-1. 
 
From Figure 6.40, it can be seen that the yield stress is independent of the rake angle.  The 
fracture toughness was constant through the range of rake angles employed.  This is also 
observed for the adhesion toughness however, a low value was measured at a at rake angle of 
30o, as seen in Figure 6.41.  
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Figure 6.41: Fracture and adhesion toughness for nylon 6/12 as a function of rake angle at a 
cutting rate of   0.1ms-1. 
 
Figure 6.42 shows the chips formed over the range cutting depths and rake angles for the nylon 
6/12.  It can be seen that the chips curl inwards and are most tightly wound at a rake angle of     
-20o.  The diameter of curl increases as the rake angle is increased.  This may be caused by a 
reduction in the bending moment applied to the chip as the rake angle and depth of cut is 
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increased.  Figure 6.43 compares the theoretical and experimental shear angle values (tan φ1 and 
tan φ2).  A good agreement is observed between the two sets of values with Equation 4.8 
agreeing to within 15% of Equation 4.9.  
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Figure 6.42: Chips formed at each rake angle and cutting depth for nylon 6/12, at a cutting rate 
of 0.1ms-1. 
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Figure 6.43: Comparison of the experimental shear angle (φ2) with the calculated shear angle 
(φ1) for nylon 6/12 at a cutting rate of 0.1ms-1. 
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6.4 Observations into the Temperature Changes During Cutting 
6.4.1 Introduction 
Cutting tests were performed with varying rake angles and depths of cut as described in Chapter 
3.  A thermal imaging camera was placed at a focal distance of 100 mm using a close-up lens.  
The camera was placed such that the cutting process was observed from the side, parallel to the 
direction of cut, as shown in Figure 6.44.  Tests were performed with the same rake angles and 
speeds employed previously.  
6.4.2 Result and Discussion 
Figure 6.44 shows thermal images of a cut performed on nylon 4/6 with a cutting rake angle of 
0o at a test rate of 0.1ms-1.   
t = 0s t = 0.03s 
t = 0.05s t = 0.07s 
t = 0.08s t = 0.1s 
Figure 6.44: Thermal imaging of the cutting procedure.  
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Tests were repeated with varying rake angles, depths of cut and test speeds, with the 
temperature of the chip immediately after cutting being measured (marked as A in Figure 6.44).  
For this setup, this best represented the temperature of the workpiece at the tip of the tool during 
machining.  
 
Figure 6.45(a), (b) and (c) shows the measured temperature during the machining of PMMA, 
nylon 4/6 and nylon 6/12 at a cutting rate of 0.01ms-1 over the range of cutting rake angles, with 
the y-error bars representing the standard deviation from the average temperatures measured.  
 
Thermal analysis shows a positive correlation between the temperature and the amount of 
material removed, suggesting that the production of thicker chips generates more heat along the 
shear plane.  However, it is noteworthy that the temperature decreases with the rake angle.  
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Figure 6.45: Measured temperature of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 at the point of 
shear during cutting at a rate of 0.01ms-1. 
(a) 
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Figure 6.46: Measured temperature of (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12 at the point of 
shear during cutting at a rate of 0.1ms-1. 
(a) 
(b) 
(c) 
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Figure 6.46(a), (b) and (c) shows the temperature measured at the point of shear during the 
machining of the candidate materials at a cutting rate of 0.1 ms-1.  Although a similar pattern is 
observed to the temperatures measured at the lower cutting rate.  
 
It can be seen that a 10 fold increase in cutting speed increases the temperature at the shear point 
by an average of 40%.  At common machining rates (102 ms-1), and assuming linear correlation, 
the temperature rise would be expected to be in excess of the glass transition temperature of the 
three polymers investigated and even possibly reach into their melting points.  The photograph 
in Figure 1.1 indeed implied melting of the nylon during machining.  This may result in lower 
coefficient of friction between the tool and workpiece as described in [23], and a smoother 
surface finish on the chip and cut face of the workpiece, however, the heat generated may result 
in the gumming and burning of the material, [2].   
6.5 Round Robin 
6.5.1 Introduction  
A draft protocol was written and distributed to a number of participating institutions to establish 
the ease of use of the procedure and the repeatability and reproducibility of the test method.  A 
copy of this protocol developed as part of the project can be found in Appendix A.  This section 
reports on the first round-robin.  The main focus of this round of tests was to investigate the 
experimental setup and repeatability of the cutting tests.  A protocol was written and distributed 
to each institute detailing the method to be followed.  Three specimens were selected and sent to 
each institute, two from the supplier, polimeri Europa; HIPS and LLDPE, and ABS sent by 
BASF.  These materials were chosen ahead of the three polymers extensively studied in this 
thesis because of the availability and ease of distribution.  They have been shown to exhibit 
similar properties to the nylons.   
 
Although the protocol specified that a rake angle of 10o should be used, a range of tests were 
performed with the rake angle being varied from -20o to 50o.  The protocol also specified that 
the tests were to be performed at a cutting speed with an order of magnitude of 10-2ms-1.   
 
The protocol also suggested a possible test setup however, labs were free to implement the 
experimental conditions using their own design of fixture.  For example, The University of 
Reading had a rig design different from that suggested in the protocol, with a load cell design 
manufactured with an array of strain gauges arranged such that the strains in both the direction 
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of cut and perpendicular to the direction of cut are measured, sits beneath the specimen and 
moves towards the cutting tool based on a design in Figure 3.16(a).   
6.5.2 Cutting, SENB and Tensile Test Results 
HIPS and ABS cut with little vibrations being observed on the force traces, implying negligible 
deviation from the selected value of h throughout the length of cut resulting in a smooth surface 
finish on the workpiece and chip off cut.  LLDPE however behaved differently during cutting.   
 
Cutting with a rake angle of -20o proved to be difficult.  The highly ductile nature of the 
material resulted in deformation, with the polymer being pushed and ploughed to the sides 
rather than being cut.  This resulted in an inaccurate measurement of h, hc and the observed 
cutting forces on the tool.  Therefore the tests were limited to a range of rake angles between 0o 
and 20o.  
 
Table 6.7(a), (b) and (c) summarises the material properties determined from the analysis of 
each material over each rake angle employed. 
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Table 6.7: Material properties for (a) HIPS, (b) ABS and (c) LLDPE at a cutting rate of 0.01ms-1. 
(a) HIPS 
Material Property 
Rake angle 
(o) 
Coefficient of 
Friction 
Yield Stress 
(MPa) 
Fracture toughness 
(kJm-2) 
Adhesion toughness 
(kJm-2) 
-20 0.10 ± 0.003 72.3 ± 4.8 1.83 ± 0.30 4.88 ± 0.37 
0 0.24 ± 0007 74.3 ± 2.9 1.78 ± 0.19 1.01 ± 0.06 
10 0.34 ± 0.006 74.6 ± 2.2 1.46 ± 0.15 1.06 ± 0.04 
15 0.33 ± 0.005 65.3 ± 7.1 1.98 ± 0.35 0.92 ± 0.04 
20 0.38 ± 0.003 72.2 ± 2.8 1.57 ± 0.20 1.00 ± 0.03 
30 0.36 ± 0.004 68.9 ± 1.9 1.74 ± 0.14 0.62 ± 0.02 
Average - 71.3 1.73 - 
S.D. - 3.8 0.28 - 
 
(b) ABS 
Material Property 
Rake angle 
(o) 
Coefficient of 
Friction 
Yield Stress 
(MPa) 
Fracture toughness 
(kJm-2) 
Adhesion toughness 
(kJm-2) 
-20 0.15 ± 0.01 71.7 ± 4.8 2.08 ± 0.23 1.84 ± 0.13 
0 0.27 ± 0.01 94.5 ± 3.0 0.94 ± 0.14 1.15 ± 0.05 
10 0.28 ± 0.01 96.1 ± 2.6 1.36 ± 0.16 2.48 ± 0.05 
15 0.32 ± 0.01 89.6 ± 3.6 1.13 ± 0.23  2.80 ± 0.12 
20 0.31 ± 0.01 88.0 ± 7.1 1.51 ± 0.39 2.89 ± 0.08 
30 0.29 ± 0.01 93.6 ± 2.6 1.58 ± 0.17 1.33 ± 0.29 
Average 0.27 88.8 1.43 2.08 
S.D. 0.06 9.2 0.40 0.75 
 
(c)LLDPE 
Material Property 
Rake angle 
(o) 
Coefficient of 
Friction 
Yield Stress 
(MPa) 
Fracture toughness 
(kJm-2) 
Adhesion toughness 
(kJm-2) 
0 0.28 ± 0.008 25.5 ± 2.6 3.65 ± 0.18 3.36 ± 0.07 
10 0.23 ± 0.008 23.2 ± 1.0 3.75 ± 0.08 3.81 ± 0.03 
15 0.21 ± 0.05 33.3 ± 3.2 4.14 ± 0.14 4.29 ± 0.1 
20 0.28 ± 0.02 20.8 ± 2.4 3.36 ± 0.17 3.34 ± 0.09 
30 0.21 ± 0.04 21.0 ± 1.5 3.27 ± 0.11 3.34 ± 0.02 
Average - 24.8 3.64 - 
S.D. - 5.1 0.35 - 
 
                                                                             Results from Cutting Tests on Polymers                             
134 
Unlike for HIPS and ABS, the shear angles calculated theoretically for LLDPE did not agree 
well with the experimental values measured, as shown in Figure 6.47, where it is evident that 
the theoretical values are almost 40% higher than those determined experimentally.   
 
0
0.2
0.4
0.6
0.8
0 10 20 30
h -1 (mm-1)
ta
n
 φ
 
0
0.2
0.4
0.6
0.8
1
0 10 20
h -1 (mm-1)
ta
n
 φ
 
a) α = 0o b) α = 10o 
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15
h -1 (mm-1)
ta
n
 φ
 
0
0.5
1
1.5
0 10 20
h -1 (mm-1)
ta
n
 φ
 
c) α = 15o d) α = 20o 
0
0.5
1
1.5
2
0 10 20 30
h -1 (mm-1)
ta
n
 φ
 
f) α = 30o 
Figure 6.47: Comparison of the experimental shear angle (φ2) with the theoretically shear angle 
(φ1) for LLDPE at a cutting rate of 0.1ms-1. 
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Fracture toughness and tensile tests were performed in accordance with [24] and [33], as 
described in Chapter 3.   
 
Brittle fracture was observed during fracture toughness tests of HIPS; requiring a maximum 
force of 70N.  Due to the ductile nature of the material, ABS and LLDPE failed to meet the 
linearity criterion during SENB tests.  The materials were cooled and razor tapped, this however 
did not propagate a natural crack.  Therefore, the razor was slid across the notch to give ‘as-
small-as-possible’ crack radius.  J-fracture toughness tests performed on LLDPE resulted in 
crack tip blunting.   
 
This implied that not only was the material ductile, but it was also too tough to obtain a valid 
value of Gc using LEFM methods or a valid Jc value using NLEFM.  Due to crack tip blunting 
effects, thicker specimens would be required for J fracture toughness testing on the material.  
Table 6.8 summarises the results obtained.  
 
Tensile tests on HIPS and ABS showed the material elongated to approximately 30% of its 
original length.  Very different observations were made during the tensile tests on LLDPE.  The 
material returned a yield stress of 9 MPa (as shown in Table 6.8) with the stress-strain tests 
showing the material to be extremely ductile with strains reaching 650%.  This was calculated 
from force-displacement curves as the clip extensometer was not capable of attaining such an 
extension.  The material significantly work hardened and had a tensile strength at break value of 
18 MPa.  
 
Table 6.8: Summary of material properties determined from SENB and Tensile tests. 
Material 
Material property
HIPS ABS LLDPE 
Gc (kJm-2) 1.78 ± 0.03 1.3 – 1.7* - 
σY (MPa) 15.8 ± 0.4 40.0 – 46.0 8.9 ± 0.2 
* value from J-testing. 
6.5.3 Current Work 
Cutting tests are underway with a number of participating institutes.  Although no firm 
conclusions can be drawn on the repeatability and reproducibility of the test at this point, 
preliminary results are seen to be encouraging.  
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6.6 Concluding Remarks 
Cutting tests were performed on PMMA, nylon 4/6 and nylon 6/12 at two speeds of 0.01 ms-1 
and 0.1 ms-1, at varying depths between the range of 0.02 mm to 0.25 mm, with rake angle 
varying from -20o to 30o.  All the materials formed continuous chips over this range apart from 
PMMA during cutting with a rake angle of 30o.  Here, discontinuous chip formation was 
observed.  Cutting at the higher speed of 0.1ms-1 resulted in the load cell vibrating, therefore 
cutting was limited to a maximum cutting depth of 0.2mm.  Generally cutting left the workpiece 
smooth, with the chips curling inwards by varying amounts, depending on the cutting depth and 
rake angle.   
 
The cutting analysis returned fracture toughness and yield stress values which were constant, 
regardless of the rake angle used to perform the cutting tests.  The coefficient of friction and 
adhesion toughness between the material and rake surface was dependent on the test speed and 
rake angle, with peaks observed at either end of the rake angles employed.  The experimentally 
calculated shear angles were seen to agree to within ±10% of those calculated theoretically from 
the analysis.   
 
HIPS and ABS cut evenly for all rake angles and depths of cut.  LLDPE however, responded 
differently to the cutting tool geometry.  The highly ductile nature of the material resulted in the 
inability to cut with a negative rake tool, with cutting improving significantly with an increase 
in rake angle.  
 
SENB fracture and tensile specimens were manufactured and tested, as described in Chapter 3.  
As has been generally observed throughout, the yield stress values returned by the analysis were 
higher than those determined from tensile tests.  The fracture toughness results however, 
compared well with SENB and J fracture test for HIPS and ABS.  Although no valid value of Jc 
for LLDPE was attained, the observation of crack tip blunting and analysis of the force-
displacement curves imply that the material is extremely tough.  This can be compared to the 
high value of Gc determined from the cutting analysis.  The shear angles calculated 
experimentally did not agree well with those calculated theoretically for LLDPE polymer.  This 
is discussed further in Chapter 8.  In the next chapter, the cutting analysis has been applied to 
the published metal cutting data for Eggleston et al.   
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Chapter 7 
7 RESULTS FROM ANALYSIS ON METAL CUTTING 
7.1 Introduction 
This section discusses the findings from applying the analytical theory described in Chapter 4 to 
metal cutting.  As discussed in Chapter 4, extensive work has been undertaken elsewhere on the 
orthogonal cutting of metals.  Although the same principles of cutting apply to polymers and 
metals, there are a number of additional factors which influence metal chip formation and 
surface finish, including tool wear and cutting tip radius.   
 
The orthogonal cutting of metals is generally performed at very high speeds with strain rates 
reaching in excess of 105s-1.  The temperatures involved have been found to be significantly 
higher, when compared to polymer cutting, typically reaching 400oC to 500oC in the shear zone 
with temperatures above 1000oC having been measured between the chip and rake surface [38]. 
 
Detailed data from the orthogonal cutting of metals have been reported in [7].  The data has 
been analysed to determine the mechanical and fracture properties of the selected test materials.  
The metals studied are described in the next section, followed by a presentation of the results of 
the cutting analysis.  The results are discussed with reference to the polymer results in Chapter 
8.   
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7.2 Materials 
Eggleston et al. [7], performed orthogonal cutting on three metals; (i) SAE 1112 steel as-
received (cold-rolled), (ii) 2024-T4 Aluminium alloy and (iii) cold drawn α-brass (85% Cu 15% 
Zn).  All the materials were detailed in [7] with varying rake angles and cutting rates.  Table 7.1 
summarises the material properties obtained from sources detailing materials similar to those 
investigated by Eggleston. 
 
Table 7.1: Summary of 2024 Aluminium alloy and SAE 1112 steel 
Material Property Aluminium alloy Steel α-Brass
μ 0.61* 0.74* 0.3* 
σY (MPa) 324Δ 220 <95c 
Gc (kJm-2) 26 – 37Δ >15Δ 9-36c 
Ga (kJm-2) – – – 
* value from [64], Δ value from [65], c value from [66] 
 
The cutting tests were performed on an American Pacemaker lathe with a ⅝ inch high speed 
steel cutting tool (18-4-1 HSS) with a 3° clearance angle.  The tools were prepared for each rake 
angle by grinding down their flanks with a 10o clearance angle.  The cutting and transverse 
forces were recorded during cutting by means of strain gauging the tool to measure tool 
deflection.   
7.3 Results 
7.3.1 SAE 1112 steel 
Eggleston et al. [7], performed orthogonal cutting tests on SAE 112 steel at two different 
speeds; 0.1 ms-1 and 0.46 ms-1.  This data was analysed using the cutting analysis described in 
Chapter 4 to determine the material and fracture properties.  The force data showed that 
although the cutting force, Fc did not vary throughout the range of rake angles employed, Ft 
significantly changed in polarity from a force pushing against the workpiece to a force pulling 
on it, an example of this is shown in Figure 7.1.  The values of Fc/b and Ft/b are plotted against 
h for rake angles of 5o and 40o, it can be seen that the Ft component changes from a positive to a 
negative force.   
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Figure 7.1: Experimental and theoretical values of Fc/b and Ft/b for steel cutting for rake angles 
of 5o and 40o at a cutting speed of 0.1ms-1. Data from [7]. 
 
Table 7.2 summarises the properties determined from the analysis for the data.   
 
Table 7.2: Material properties determined for steel at cutting rates of 0.1 and 0.46ms-1. 
Material Property Rake angle 
(o) 
Cutting rate 
(ms-1) μ σY Gc Ga 
0.1 ms-1 0.44 ± 0.01 1021 ± 62 64.4 ± 3.4 24.8 ± 0.7 
5° 
0.46ms-1 0.50 ± 0.01 881 ± 48 34.4 ± 1.9 20.8 ± 1.3 
0.1 ms-1 0.41 ± 0.01 1246 ± 75 26.6 ± 5.3 17.5 ± 1.3 
10° 
0.46ms-1 0.52 ± 0.02 943 ± 26 24.8 ± 1.5 13.7 ± 1.6 
0.1 ms-1 0.47 ± 0.01 1142 ± 17 5.1 ± 1.2 11.2 ± 0.5 
15° 
0.46ms-1 0.57 ± 0.02 959 ± 37 15.9 ± 2.2 4.3 ± 1.7 
0.1 ms-1 0.52 ± 0.01 1001 ± 10 14.0 ± 0.7 7.8 ± 0.6 
20° 
0.46ms-1 0.53 ± 0.01 867 ± 24 27.1 ± 1.7 15.9 ± 0.8 
0.1 ms-1 0.56 ± 0.01 974 ± 11 14.0 ± 0.8 6.5 ± 0.7 
25° 
0.46ms-1 0.56 ± 0.02 943 ± 14 13.0 ± 1.0 9.7 ± 0.5 
0.1 ms-1 0.56 ± 0.01 961 ± 20 14.1 ± 1.4 8.8 ± 0.3 
30° 
0.46ms-1 0.57 ± 0.01 959 ± 10 9.9 ± 0.7 12.4 ± 0.1 
0.1 ms-1 0.60 ± 0.01 935 ± 9 21.2 ± 0.7 4.6 ± 0.6 
35° 
0.46ms-1 0.61 ± 0.09 938 ± 14 11.0 ± 1.0 14.1 ± 1.2 
0.1 ms-1 0.60 ± 0.10 949 ± 14 16.5 ± 1.0 8.2 ± 0.5 
40° 
0.46ms-1 0.64 ± 0.01 933±15 10.5 ± 1.1 12.5 ± 0.4 
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Both test rates were of the same order of magnitude, therefore, significant differences in the 
material properties determined were not expected, as was indeed observed.  
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Figure 7.2: Coefficient of friction versus rake angle for steel at two cutting rates of 0.1 ms-1 and 
0.46ms-1. 
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Figure 7.3: Yield stress versus rake angle for steel at two cutting rates of 0.1 ms-1 and 0.46ms-1. 
 
The values determined for the coefficient of friction and yield stress are similar at the two test 
rates.  However the yield stress values are higher than the reference values taken from [65] as 
shown in Table 7.3.  The calculated values of Gc and Ga both have very high initial values 
which then plateau as the rake angle is increased. Average fracture toughness values of 14.14 
kJm-2 and 14.55 kJm-2 were calculated for test velocities of 0.1 ms-1 and 0.46ms-1 respectively, 
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with the averages taken between the rake angles of 15° and 40°.  Clearly, these values are within 
the experimental error ranges.  However, the fracture toughness of this material exhibited a 
dependency upon the rake angle.   
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Figure 7.4: Values Gc and Ga versus rake angle for steel at a cutting rate of 0.1ms-1. 
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Figure 7.5: Values Gc and Ga versus rake angle for steel at a cutting rate of 0.46ms-1.  
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Table 7.3: Comparison of the results from the steel cutting analysis with reference values. 
Average value calculated 
Material Property 
0.1ms-1 0.4ms-1 
Reference values 
μ 0.50 ± 0.07 0.56 ± 0.05 ∼0.74* 
σY (MPa) 1028 ± 109 928 ± 34 ∼220Δ 
Gc (kJm-2) 21.93 ± 18.22 18.32 ± 9.26 >15Δ 
Ga,(kJm-2) 11.18 ± 6.72 12.90 ± 4.76 – 
* value from [64]  Δ value from [65]  
 
Table 7.3 compares the properties determined from the cutting analysis with reference values.  
A comparison between the theoretical (φ1) values and experimental (φ2) values showed that φ1 
did not agree well with φ2 at the low rake angles but improved at the higher rake angles.  An 
example of this is shown in Figure 7.6 where a comparison of φ1 and φ2 is made between rake 
angles of 5o and 40o.   
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Figure 7.6: Comparison of the experimental shear angle (φ2) with the theoretical shear angle (φ1) 
for steel at a cutting rate of 0.1 ms-1 for rake angles of (a) 5o and (b) 40o. 
7.3.2 2024-T4 Aluminium Alloy 
Tests were also performed by Eggleston et al. [7] on cutting aluminium alloy, grade 2024-T4.  
A cutting speed of 2.9 ms-1 was employed at eight rake angles ranging between 5o to 40o, at 5o 
intervals.  Tests were also performed at a higher cutting velocity of 4ms-1, although with fewer 
rake angles.  The data have been analysed using Equation 4.12 and Equation 4.13.  The values 
of Fc/b appeared quite insensitive to rake angle and again a transition was seen from a positive 
to negative transverse force as the rake angle was increased, as shown in Figure 7.7.  Table 7.4 
shows the material properties determined for each rake angle and cutting speed using Equation 
4.12 and Equation 4.13.  
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Figure 7.7: Experimental and theoretical values of Fc/b and Ft/b for aluminium for rake angles of 
5o and 40o at a cutting speed of 0.1ms-1. Data from [7]. 
 
Table 7.4: Material properties determined for aluminium alloy at each rake angle at a cutting 
speeds of 2.9 ms-1 and 4ms-1. 
Material Property Rake angle 
(o) 
Cutting rate 
(ms-1) μ σY Gc Ga 
2.9 0.27±0.04 656±31 9.2±2.2 42.4±2.8 
5° 
4.0 - - - - 
2.9 0.34±0.04 653±42 9.2±3.0 33.8±3 
10° 
4.0 0.27±0.062 649±27 11.2±3.5 34.9±3.9 
2.9 0.44±0.05 653±36 9.2±4.3 35.0±4.5 
15° 
4.0 0.29±0.08 644±22 14.91±3.1 35.70±4.9 
2.9 0.46±0.035 668±139 8.8±2.3 25.3±2.2 
20° 
4.0 0.33±0.08 661±49 14.7±7.1 32.8±2.9 
2.9 0.51±0.034 717±161 5.2±2.4 22.8±2.2 
25° 
4.0 0.41±0.07 684±32 12.8±4.6 24.9±3.1 
2.9 0.55±0.036 705±116 6.57±1.7 22.0±1.6 
30° 
4.0 - - - - 
2.9 0.56±0.014 721±107 8.34±1.6 19.0±0.7 
35° 
4.0 0.51±0.04 747±25 4.4±3.6 19.6±3.8 
2.9 0.64±0.008 753±76 6.6±1.7 12.6±0.4 
40° 
4.0 - - - - 
 
The coefficient of friction along the tool-chip interface appeared to increase with the rake angle.  
The yield stress and fracture toughness values determined remained constant through the range 
of rake angles employed however, the value of Gc is seen to drop significantly at a rake angle of 
35o when cutting at a speed of 4ms-1.  The adhesion toughness values peaked at values of (42 ± 
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3) kJm-2 and (35 ± 4) kJm-2, for the two cutting speeds, but steadily decreased to 19kJm-2 at a 
rake angle of 35o.  The Ga value determined for the 40o rake angle was significantly lower at 
12.6 kJm-2.  Again the experimental shear angle (φ2 ) agreed to within 10% of the calculated 
shear angle, φ1  at the higher depths of cut.  However, the values were seen to diverge as the rake 
angle was increased. 
 
Table 7.5 summarises the average values of the material properties obtained over two speeds 
and compares them to the reference data.  It can be seen that the fracture toughness values are in 
good agreement with the reference values.  The yield stresses determined at the two cutting 
speeds agreed well with each other however, they are higher than the reference values 
determined.   
 
Table 7.5: Comparison of material properties determined for aluminium alloy from the analysis 
with reference values.   
Average value calculated 
Material Property 
2.9ms-1 4.9ms-1 
Reference values 
μ 0.43 ± 0.09 0.36 ± 0.1 ∼0.61* 
σY (MPa) 691 ± 38 677 ± 42 ∼324Δ 
Gc (kJm-2) 7.89 ± 1.55 11.61 ± 4.29 8 – 30Δ 
Ga,(kJm-2) 26.36 ± 10.06 21.58 ± 7.02 – 
* value from [64]  Δ value from [65]  
7.3.3 α-brass  
Cutting tests were performed by Eggleston et al. on α-brass at a velocity of 2.9 ms-1, with tests 
being conducted at five rake angles between 20o to 40o at 5o intervals.  Values of Fc/b and Ft/b 
were measured as a function of depth of cut at each rake angle.  These data are shown in Figure 
7.8 with Table 7.6 summarising the material properties determined for each rake angle using 
Equation 4.12 and Equation 4.13.  
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Figure 7.8: Experimental and theoretical values of Fc/b and Ft/b for α-brass for rake angles of 
20o and 40o at a cutting speed of 0.1ms-1. Data from [7]. 
 
Table 7.6: Material properties for α-brass at a cutting rate of 2.9ms-1. 
A Average determined after omitting initial high value. 
* Taken from [64]  
c Taken from [66] 
 
The values deduced for the coefficient of friction along the tool-chip interface remained 
constant with increasing rake angle.  A similar observation can be made for the yield stress, 
with an average value of (749 ± 46) MPa measured over the range of rake angles employed.  
Again, these yield stress values are higher by a factor of 2 than the independent reference 
values.    
 
The fracture toughness of the material was also seen to be constant between the range of 25o to 
40o however, a peak value of (40.6 ± 1.7) kJm-2 is measured at 20o.  The adhesion toughness 
decreased with increasing rake angle.  The experimental shear angle (φ2 ) was found to differ to 
the theoretical shear angle (φ1) by almost a factor of 2 at a rake angle of 20o.  However, these 
values converge and plateau at higher depths of cut.   
Rake angle (o) Material 
Property 20 25 30 35 40 
Average Reference 
values 
μ 0.69±0.03 0.68±0.01 0.63±0.01 0.59±0.01 0.65±0.01  <0.35* 
σY (MPa) 684±26 799 ± 32 746 ± 31 771 ± 26 746 ± 12 749±46 <395c 
Gc (kJm-2) 40.6±1.7 16.9 ± 2.5 18.0 ± 1.8 15.5 ± 2.0 15.5 ± 0.9 16.5±1.2A 9 – 36c 
Ga (kJm-2) 13.9±2.0 11.0 ± 1.1 13.2 ± 1.1 9.8 ± 0.4 5.2 ± 0.4 –  
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7.4 Concluding Remarks 
It is clear that the analysis scheme proposed can be used to deduce material property values 
from Eggleston’s data and the results are consistent.  The values of Gc determined for the three 
metals were always realistic and were within the range of values quoted in the independent 
references.  This is very promising.   
 
The values of the coefficient of friction determined were always sensible and tended to be 
somewhat below the book values for steel and aluminium but almost twice as large for brass.  
This probably reflects the fact that cutting friction values are dynamic and book values are static 
and thus values determined via the analysis would be expected to be lower.  Although no cross 
check is plausible for the adhesion toughness values, they are not unreasonable.   
 
Finally the yield stress values deduced from cutting were always greater than the book values.  
The yield stresses deduced were a factor of 5 greater than book values for steel, and a factor of 2 
greater for aluminium alloy and α-brass.  It is probable that this reflects work hardening and this 
notion is further discussed in Chapter 8.  
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Chapter 8 
8 DISCUSSION OF RESULTS 
8.1 Introduction 
This Chapter discusses the findings from the cutting tests peformed in Chapter 6 and determines 
the accuracy of the parameters calculated by the cutting analysis when compared to results 
obtained using standard test methods in Chapter 5.  A summary of the Round-Robin data is also 
presented, followed by a discussion determining the accuracy of the analysis for use with metal 
cutting.  Finally, a comparison of the Williams analysis method will be made with the Williams 
minimisation model.  This latter model is independent of the conditions along the chip-tool 
interface and has the advantage that chip thickness measurements are not required.  
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8.2 Discussion of the Polymers Results 
8.2.1 Discussion of the Standard (LEFM) Values 
The tensile and SENB tests performed on PMMA, nylon 4/6 and nylon 6/12 showed that the 
polymers were rate and temperature sensitive.  The yield stress decreased almost linearly with 
temperature up to the Tg of the material, after which a plateau was observed.  This was possibly 
due to the amorphous region of the polymer losing its integrity.  The polymers were also seen to 
exhibit greater ductility as the temperature was increased.  An increase in test rate however, 
resulted in the materials exhibiting brittle fracture.   
 
 
Figure 8.1: Fracture surfaces of nylon 4/6 produced at; static rate (left), intermediate rate 
(centre) and high rate (right) tests at 70OC.  
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Figure 8.2: Fracture surfaces of nylon 6/12 produced at; static rate (left), intermediate rate 
(centre) and high rate (right) tests at 70OC. 
 
The fracture toughness of the polymers varied with test temperature.  The temperature greatly 
influenced the ductility of the polymer, and in some cases caused the test to fail the linearity 
criterion.  The fracture surfaces of the nylon specimens at static, intermediate and high rates are 
shown in Figure 8.1 and Figure 8.2.  Here, it can be seen that the materials failing the linearity 
criterion exhibit greater ductility and produce a more stress-whitened surface compared to those 
tested at higher rates, which passed the linearity criterion.  These faster fractures appear to be 
cleaner cut.  This was due to a decrease in the time-to-fracture as the rate was increased, 
resulting in the material not having enough time to deform plastically, even at the higher testing 
temperatures, contributing to brittle fracture.  The results also showed that temperature had less 
of an influence on the fracture toughness at high rates. 
8.2.2 Discussion of the Cutting Results for Polymers 
A macro was created which applied Equation 4.12 and Equation 4.13 from the Williams model 
to determine the values of Gc, σY, Ga and μ for the various polymers tested.  This was achieved 
by utilising the solver function in Microsoft Excel.  This section discusses the results obtained 
and comments on their accuracy.   
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8.2.2.1 Fracture Toughness 
The fracture toughness values determined from cutting were found to be independent of rake 
angle.  As Gc is a material property, this would be expected to be independent of the interaction 
between the tool and workpiece, as is indeed shown.  However, when applying the cutting 
analysis to the brass data, a peak Gc value was observed at a rake angle of 5o.  The values 
determined agree well with those determined from SENB tests in Chapter 5 showing the 
analysis works well in isolating the fracture properties of the material from other energy 
dissipative processes.  During SENB testing, crack propagation speeds generally differ from 
that of the crosshead.  Therefore, it is shown in Appendix B that the actual crack speed was 
calculated using Equation 8.1.  Figure 8.3a, b and c compares the fracture toughness values 
determined from the standard tests with those determined from cutting.  
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Figure 8.3: Comparison of fracture toughness results determined from cutting and SENB tests 
for (a) PMMA, (b) nylon 4/6 and (c) nylon 6/12. 
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It can be seen that for the two nylons, the fracture toughness values determined from the cutting 
analysis compare well with those determined from SENB tests preformed at elevated 
temperatures.  However, the fracture toughness values determined from cutting for PMMA were 
higher than those expected for the material.  Marshall et al. [67] undertook extensive research to 
determine the fracture and stiffness properties of PMMA as a function of test rate.  Results 
determined from Chapter 5 were seen to agree to within 20% with those determined from [67] at 
the lower cutting rates. 
 
The crack opening displacement may be calculated using.  
Y
c
c
G
σδ =  
By applying this equation to the three polymers it was calculated that PMMA had a crack 
opening displacement of 3μm, compared to that of the nylons which varied between 25μm and 
100μm, depending on their grade.  SEM imaging of the tool with a 30o rake angle showed the 
cutting tool to have a tip radius of 6μm.  The crack opening displacements for the nylons were 
thus greater than the tool tip diameter, therefore crack tip touching was achieved, (as shown in 
Figure 8.4a).  This led to the Gc values from cutting being closer to values measured from 
SENB testing, as is indeed shown in the present results.  However, this was not the case for 
PMMA, as the tool tip diameter was double that of the crack opening displacement.  The cutting 
process for PMMA can therefore be modelled as ‘blunt tool cutting’ which leads to an increase 
in the fracture toughness, as shown in Figure 8.4b.   
 
     
Figure 8.4: Schematic diagram showing (a) cutting tool touching the crack tip and (b) ‘blunt-tool 
cutting. 
 
This can also be used as a model of tool sharpness.  After a number of cut cycles, it would be 
expected that the tool would become blunt.  This can be compared to the cutting tip wearing and 
becoming larger.  Tool sharpness has been widely researched for the cutting of meats and soft 
solids [68-70].  Marsot et al. [71] had investigated the relationship between knife sharpness and 
dt δc 
(a) 
δc dt 
(b) 
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cutting forces.  They reported an increase of almost 70% in the cutting forces required to cut 
polyolefin film after 20 wear cycles.  Similar results were also reported by Meehan et al. during 
the cutting of polyethylene terephthalate [72].  As the tool wears, the cutting tip radius 
increases, after a number of cycles the tip radius would approach a critical value.  Beyond which 
the tool tip would no longer touch the crack front, resulting in blunt cutting being performed as 
shown in Figure 8.4(b).  To ensure that this condition would not be exceeded, the tools were 
sharpened after each material tested.     
 
From Figure 8.1 and Figure 8.2 it was evident that the higher levels of ductility produce a more 
stress-whitened surface however, this was dependent on the time-to-fracture.  The lower cutting 
rates were significantly higher than the crack propagation speed for the static rate SENB tests, 
hence reducing the time available for the material to deform plastically.  This is evident from 
the lack of stress whitening observed on the chip and workpiece after a cut.  
 
Thermal imaging has shown the temperature at the point of shear to increase with cutting rate.  
The temperature during machining was seen to approach the glass transition temperature of 
PMMA and nylon 6/12 at a cutting rate of 1ms-1 with a rake angle of -20o.  This increased 
temperature may have contributed to the nylon 6/12 chips becoming tightly wound with a 
calculated strain of 2.3% in the chips, at this rake angle.  This is compared to the average strain 
of 1.4% calculated in the chips formed from tests performed at the other rake angles.  It is noted 
that the temperature at the shear point approaching the glass transition temperature may have 
also contributed to the surface finish being notably smoother at the higher cutting rate.  
However, further increases in temperature may lead to undesirable results, such as the burning 
or melting of the machined surface.  This may also soften the tool edge decreasing its life 
expectancy [20].   
8.2.2.2 Yield Stress 
The yield stress values determined for each material from the cutting analysis were found to be 
up to five times higher than the yield stress values determined from standard tensile tests.  The 
cutting theory was based on the assumption that the chip moves directly up the tool rake surface 
with all the energy going into fracturing the specimen and yielding along the slip plane.  
However, it was apparent that another energy dissipation mechanism existed because as the 
workpiece was cut, the majority of the chips curled inwards with varying levels of curvature.  
The curvature was highly dependent on the depth of cut and the rake angle, taking the general 
form and shape as shown in Figure 8.5.  Chip image analysis had also shown that the rake angle 
significantly influenced the magnitude of bending moment applied to the chip.  These findings 
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implied that a resultant force acted on the chip after cutting, causing the newly formed chip to 
bend.   
 
 
Figure 8.5: Chip curvature is observed during the cutting of nylon 4/6 at a cutting depth of 
0.13mm 
 
This was easily observed during the cutting of ABS at a constant cutting depth of 0.12mm. 
During cutting with a rake angle of -20o, the chip was seen to move directly up the rake face, 
(Figure 8.6a) and a yield stress value of (71.7 ± 4.8) MPa was calculated from the cutting 
analysis.  However, as the rake angle was increased to 30o (Figure 8.6b), the chip was seen to 
curl inwards and a yield stress of (92.4 ± 3.1) MPa was determined. This may be the result of 
the energy required to bend the chip being wrongly associated with the yielding process and 
thus resulting in high values being determined.  However, even when the chips moved directly 
up the rake face, high values of yield stress were still measured, when compared to 
independently measured values.  Thus another mechanism must be responsible for elevating the 
yield stress.   
 
 
 
 
 
 
12.5mm 
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Rake angle (o) -20 30 
Yield stress (MPa) 71.7 ± 4.8 93.6 ± 2.6 
Figure 8.6: (a) Chip moves directly up the rake face. (b) Chip curls inwards during cutting. 
 
To give an indication of the bending strains exerted on the chips during cutting, the strains were 
measured following the methods outlined in [73].  The final chip radius (curvature) was 
measured from images of the chips (e.g. from Figure 6.6).  These values were plotted against 
the cutting depth and by use of Equation 8.2 the strains were determined from the best fit line 
through the data and forced through the origin.  High levels of scatter are observed due to the 
limitations in image resolution, as shown in Figure 8.7.  Table 8.1 summarises the results and 
shows that the chips have a strain averaging 2% after cutting.   
1
2o
R hε
⎛ ⎞= ⎜ ⎟⎝ ⎠  Equation 8.2
 
Table 8.1: Average strains exerted on chips at each test rake angle.  
Rake angle 
Material 
-20 0 10 15 20 30 
Average 
PMMA 1.87 1.85 4.23 4.86 3.93 - 3.35 
Nylon 4/6 2.33 2.57 2.04 1.51 1.86 1.94 2.04 
Nylon 6/12 1.57 0.92 0.60 0.61 0.45 - 0.83 
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Figure 8.7: Radius of curvature versus depth of cut determined via chip image analysis for a) 
PMMA, b) Nylon 4/6 and c) Nylon 6/12. 
a) 
b) 
c) 
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Compression tests performed by Kobayashi [74] on the materials reported by [7] showed that 
the shear strains were large, causing the material to work harden thus resulting in higher yield 
stresses being developed.  This was further advocated by Williams et al. [75] who investigated 
the stress-strain behaviour of various polymers over large strains of up to 50%.  It was 
concluded that due to the stress-strain behaviour, the material work hardened which resulted in a 
higher yield stress value being determined. 
 
A recent analysis given in [76] was used to calculate the strains in steel and α-brass from [7].  
This showed that the bending strains reached values of up 20%.  This work indicated that high 
levels of strains were indeed exerted on the workpiece during machining.  It was deduced in 
[76] that the workpiece was removed under shear yielding conditions, due to the difference in 
the cutting depth and chip thickness, and it was proposed that work hardening caused an 
increase in the yield stress by a factor of 
n
Y
S ⎟⎟⎠
⎞
⎜⎜⎝
⎛
ε
ε
2
3
. 
where εs is the shear strain and εY is yield strain. 
 
From tensile tests performed on PMMA, nylon 4/6 and nylon 6/12, it was shown that the yield 
stress values increased with strain rate.  A 70% increase in yield stress was observed in PMMA 
for tests conducted at room temperature, with the nylons showing an average increase of 7%, 
during a 10 fold cutting rate increase.  However, the difference in yield stress over the test rates 
investigated decreased with test temperature for each polymer.  
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Figure 8.8: Compression tests performed on HIPS, Nylon 4/6 and LLDPE with the power law 
fitted curve.  
 
Tests were preformed to investigate whether the high yield stress values determined from the 
cutting analysis were due to work hardening at the high strain values encountered during 
cutting.  Compression tests were initially performed on nylon 4/6, HIPS and LLDPE.  A power 
law was fitted to the data, as shown in Figure 8.8.  The power law fitted was of the form given 
in Equation 8.3.  The strains were limited by the onset of high friction effects after the lubricant 
had been extruded from the specimen surface.   
n
Y Y o
Y
εσ σ ε
⎛ ⎞= ⎜ ⎟⎝ ⎠
 Equation 8.3
Where n is a fitting parameter 
 
Table 8.2 shows the yield stress values predicted by the power law fit (σY) and compares them 
to the measured values determined by the compression tests (σYo) and from the cutting analysis.  
From the results determined, it was found that the agreement for LLDPE was good however, the 
predicted values for HIPS and nylon 4/6 were found to be 50% higher than the yield stress 
determined from cutting.  However, it was concluded that the trend confirms that work 
hardening is the cause of the high yield stress determined by the cutting analysis.   
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Table 8.2: Comparison of yield stress values determined from the power law fit with those 
determined from compression tests and cutting. 
Yield stress (MPa) 
Material εY n From compression tests 
(σYo) 
Predicted 
(σY) 
From cutting 
analysis  
HIPS 0.22 0.36 27 107 71 
Nylon 4/6 0.31 0.34 65 212 151 
LLDPE 0.065 0.45 7.7 26 25 
 
8.2.2.3 Coefficient of Friction and Adhesion Toughness 
A feature of the cutting analysis employed in this project was that it considered the effects of 
friction and adhesion along the chip-tool interface.  Thus, values for the coefficient of friction, 
μ, and adhesion toughness Ga were deduced from cutting.  The cutting test results showed that 
the coefficient of friction varied with both rake angle and rate of cutting.  The coefficient of 
friction was generally observed to increase with increasing rake angle and then to reach a 
plateau value after a threshold angle was reached.  
 
The values determined were compared with static friction values measured by simple friction 
tests performed by placing a specimen on a tool surface and inclining the tool until the 
workpiece began to slide.  The static friction values determined for the nylons were higher than 
those determined from the cutting tests.  These results are to be expected, as dynamic friction is 
generally found to be lower than static friction due to the higher forces necessary to initiate 
sliding rather than to maintain it.  This is shown in Table 8.3.  However, the coefficient of 
friction determined by the analysis for PMMA at a cutting rate of 0.01ms-1 was higher than the 
static friction calculated.  This is likely to have occurred due to the high levels of surface 
roughness observed on the chip and cut surface at the deeper depths of cut.   
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Table 8.3: Comparison of coefficient of friction determined from the cutting analysis with static 
friction tests. 
Coefficient of friction, μ 
Material 
Cutting analysis Static friction tests
PMMA 0.24 – 0.45 0.30 
Nylon 4/6 0.21 – 0.30 0.26 
Nylon 6/12 0.22 – 0.36 0.31 
HIPS 0.10 – 0.36 0.36 
ABS 0.15 – 0.29 0.40 
LLDPE 0.21 – 0.28 0.61 
 
A comparison of results from tests performed on HIPS, LLDPE and ABS showed that the 
coefficient of friction between the tool and workpiece to be highly dependent on the finish on 
the rake surface.  Tools manufactured with a coarse grinding wheel returned coefficient of 
friction values higher than those where the rake surface was polished.   
 
This can be observed in Figure 6.25, where a drop in the coefficient of friction is measured at a 
tool rake angle of 0o.  This is due to the surface of the rake face for this angle not being ground 
like the other rake angles, but was simply used as-received.  This was also seen during a 
comparison of the coefficient of friction results on tests performed as part of the round-robin on 
HIPS, ABS and LLDPE between Imperial College and the University of Reading.  The tools 
prepared at Imperial College London had no surface treatment after having the rake angle 
ground and these returned higher coefficients of friction values than those prepared at Reading 
which had a lapped polish finish on the tool rake surface. 
 
The inclusion of an adhesion toughness term in the cutting analysis was a novel aspect of this 
work.  The adhesion toughness values deduced exhibited a strong dependence upon rake angle.  
Ga values generally reached a plateau with a peak at either low or high rake angles.  This was 
perhaps indicative of an approach to discontinuous chip formation.  This is best observed in the 
results obtained from tests performed on PMMA, as shown in Figure 8.9.  Within the plateau 
region continuous chip formation was observed whilst cutting with low rake angles.  However, 
as the rake angle was increased to 20o, the adhesion toughness began to increase to a peak value 
of (7.8 ± 0.07) kJm-2 and this was followed by a transition from continuous to discontinuous 
chip formation being observed with a further increase in rake angle to 30o.  This may cause the 
adhesion between the chip and rake face to significantly oppose the bending moment applied to 
the chip during cutting, and due to the brittle nature of the material, cause the chip to break.  
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However, this may have also been due to critical depth of cut being exceeded, [16], or by the 
use of tools with rake angles greater than the critical rake angle, [2], both of which would result 
in a transition from continuous to discontinuous chip formation and unstable crack propagation. 
α (Ο) Ga (kJm-2) Chip type Comments 
-20 2.01 ± 0.45
 
Lightly curled 
0 3.15 ± 0.35
 
 
10 3.96 ± 0.15
 
Tightly curled 
15 4.20 ± 0.06
 
 
20 7.80 ± 0.07
 
 
30  -  Discontinuous 
Figure 8.9: PMMA chip formation transition, from continuous to discontinuous.  
 
These results agree well with findings from Kobayashi [2] and with Alauddin [15] who 
discussed the importance of tool geometry and the influence on chip type.  Figure 8.9 shows the 
chip geometry varies greatly with the rake angle.  In Figure 8.10 an attempt has been made to 
investigate the relationship between the rake angle and the contact length between the chip and 
rake face. Image analysis was performed on the cutting of HIPS at 0.1ms-1.  As the rake angle 
was increased from 15o to 30o the contact length increased from 0.8mm to 1.1mm at a fixed 
cutting depth of 0.17mm.  With an increase of 0.5mm observed at a cutting depth of 0.21mm.  
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Thus, as the rake angle was increased, a greater length of contact between the chip and the tool 
was observed, which is consistent with the observed increase in Ga.  
 
α (Ο) 15o 30o 
Cutting depth = 0.17mm 
  
 
 
Contact length (mm) 0.8 1.1 
Cutting depth = 0.21mm 
  
 
Contact length (mm) 1.3 1.8 
Figure 8.10: Contact length between HIPS chips and the rake surface at cutting depths of 
0.17mm and 0.21mm at a velocity of 0.1ms-1. 
 
8.2.2.4 Shear angle 
Measurements of the chip thickness by Eggleston et al. showed the value of the shear plane 
angle determined from Equation 4.9, i.e. φ2, to be significantly lower than φ1, (i.e. the predicted 
value) although the values did converge as the rake angle was increased, φ1 and φ2 were still 
seen to vary by 50%.  These findings are contrary to those comparisons made for polymers, 
where the values of φ2 were generally found to be larger than φ1.  This may be indicative of the 
existence of residual stresses in the chips reforming the polymer shape, therefore the measured 
thickness of the polymer chip maybe different to the thickness of the chip immediately after 
being cut.  However, in the metals, at these cutting speeds, the residual stress would not be 
expected to affect the chip thickness.   
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Table 8.4 compares the experimental and theoretical shear angles determined for SAE 1112 
steel at a cutting depth of 0.1mm over the range of rake angles employed.  At 0.1mm depth of 
cut it was observed that the error (φ1 - φ2) decreased with increasing rake angle and the trend 
suggests that this error would eventually approach zero.    
 
Table 8.4: Comparison of the shear angles determined experimentally and theoretically for 
steel. 
Rake angle (o) φ2 (o) φ1 (o) φ1−φ2 (o) 
5 12.8 25.9 13.6 
10 15.4 33.8 18.4 
15 21.3 36.6 15.3 
20 25.8 38.9 13.1 
25 29.4 41.0 11.6 
30 32.2 43.1 10.9 
35 34.8 45.8 11.0 
40 39.6 47.5 7.9 
 
This trend however, was not apparent in the polymer data presented in Chapter 6 where φ2 was 
generally found to be equal to or greater than φ1.  Although φ2 agreed well with φ1 for polymers 
this may have occurred due to the existence of residual stresses within the chips.  Residual 
stresses may have the effect of reforming the polymer shape, resulting in the measured thickness 
of the polymer chip being different to the thickness of the chip immediately after being cut.  
Based on the findings from the analysis on the cutting steel, it could be concluded that the 
polymer chips were thicker than the measured values however, under the influences of the 
residual stresses the chip thickness slightly decreases (with an increase in the chip width) as 
time progresses.  This was observed after the cutting of LLDPE where the residual stresses 
caused the chip to uncoil and recover.   
 
A thermal imaging camera was used to attempt to quantify the heating effect as the polymers 
were machined.  Thermal imaging showed that the chips increased in temperature up to 60oC 
during machining however, it was also seen that the chips then began to cool immediately after 
cutting, allowing them to recover.  This effect could also contribute to an incorrect measurement 
of hc as described previously.   
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8.2.3 Discussion of the Round-Robin 
A round-robin was initiated as part of the present study to investigate the notion of using cutting 
tests to determine toughness and to determine the repeatability and reproducibility of the Gc 
values determined.  It was found that HIPS and ABS cut with very little deviation in the Fc and 
Ft, values implying smooth cuts with the chips curling inwards.  Figure 8.11 shows time delayed 
images of cuts performed on HIPS at two different rake angles.  The tightness of the chip curl 
was dependent not only on the rake angle but also on time, t, this is shown in Figure 8.11.  It can 
be seen clearly that for cutting HIPS at 0.01ms-1, the chips are more tightly curled when the rake 
angle was 30o then when it was 15o.  
 
t = 0s 
  
t = 2s 
  
t = 4s 
  
 (a) α = 15o (b) α = 30o 
Figure 8.11: Time delayed images of the cutting process of HIPS at a cutting rate of 0.01ms-1 
and for a depth of cut h = 0.25mm.  
 
A correlation between the adhesion toughness and rake angle was not observed for ABS.  SENB 
tests showed the material failed the linearity criterion due to a high level of ductility.  This 
reduced the possibility of forming discontinuous chips which may explain why the adhesion 
toughness was independent of rake angle. 
 
As discussed previously, at a rake angle of -20o the LLDPE did not cut well as most of the 
material was ploughed to the sides during cutting.  This effectively made the material thicker.  
The cutting improved significantly with increasing rake angle, resulting in a smoother surface 
finish as is evident in Figure 8.12.  The chips curled inwards upon cutting.  Although at the 
lower rake angles the chips were rough and deformed, the ductile nature of the material ensured 
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no discontinuous chips formed.  This may further explain why a peak in the adhesion toughness 
was not observed.   
 
t = 0.1 
  
t = 2 
  
t = 4 
  
t = 5s 
  
 (a) α = 0o (b) α = 30o 
Figure 8.12: Time delayed images of the cutting process of LLDPE for a depth of cut, 
h=0.18mm 
 
Figure 6.47 showed the experimental (φ2) and theoretical (φ1) shear values differed by up to 
40%.  This was unlike the results obtained for the other polymers tested.  To understand this 
more fully, cuts were performed and photographed from a fixed distance over a period of 2 
minutes.  Figure 8.13 shows a cut performed with a 30o rake angle tool at a cutting depth of 
0.17mm.  It can be seen that the chip moves slightly and uncoils, with the final chip radius 
measuring 0.5mm larger than the initial.  This may be the result of residual stresses acting on 
the chip causing changes in the thickness which can lead to the chip having a larger value of hc 
after a period of time when compared to the chip thickness immediately after the cut.  
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t=0s t=60s 
Figure 8.13: Time delay images giving evidence of residual stresses and their relaxation with 
time acting on LLDPE. 
8.3 Discussion of Metals Data 
Applying the Williams model to metal cutting data from [7] returned fracture toughness values 
which were comparable to reference values.  The coefficient of friction between the tool and 
newly formed Aluminium and steel chip surfaces was seen to increase with rake angle.  
However, for brass the coefficient of friction was seen to be constant, implying that the ratio 
between the normal and parallel forces acting along the chip-tool interface remained constant.  
The value deduced for the adhesion toughness of the materials show peaks at the lower rake 
angles which plateaued out as the rake angle was increased.  Again, this may have been 
indicative of an approach to discontinuous chip formation at the negative rake angles.    
 
The values of yield stress determined by the analysis were again up to 5 times higher than the 
expected values.  Compression tests performed by Kobayashi [74] on these materials have 
shown the shear strains to be large, causing the material to work harden.  As discussed 
previously, this can result in the materials having higher yield stresses.   
 
The coefficient of friction values determined from the analysis were within 30% of the reference 
values.  This is probably because the cutting friction values are dynamic and book values are 
static, also the grade and finish of the two surfaces may not best represent that of the tool used.   
 
The shear angles were measured in [7] using Equation 4.9, along with width and axial length 
dimensional changes.  Table 8.5 compares the predicted values of φ with the experimental 
values deduced by [7] for α-brass and steel. 
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Table 8.5: Comparison of shear angles determined theoretically (φ1) and experimentally (φ2) for 
a-brass and steel.  
α - brass Steel α φ1 φ2 φ1 φ2 
5 - - 35.7 15.7
10 - - 38.9 16.5
15 - - 39.9 20.6
20 37.5 21.7 41.3 25.4
25 40.5 22.7 42.9 28.5
30 44.0 24.8 45.4 32.3
35 47.0 26.8 47.0 34.5
40 50.0 28.0 52.0 37.8
 
It can be observed that the experimental values are much less than those predicted.  By 
introducing the concept of root rotation [77] in cutting, θ0 can be deduced to have values of 19o 
for α-brass and 16.5o for steel.  This suggests that the workpiece experiences strains of 
approximately 24%.  Again, this suggest that considerable work hardening occurs to the metals, 
which may be the cause of the elevated yield stress values determined by the cutting analysis.   
8.4 Discussion of the Williams-Minimisation Model 
Equation 4.12 and Equation 4.13 (i.e. the Williams model) was based on a relationship between 
Fc/b and Ft/b which included Coulomb friction and the newly introduced concept of adhesion 
existing between the chip and tool surface.  The Williams-Minimisation model is a 
simplification to the previous model used as it does not require information on the contact 
conditions between the chip and the tool.  Thus, this model simply determines Gc and σY.  To 
determine the accuracy of the values determined using the Williams-Minimisation model, Table 
8.6 compares the results determined from both methods for HIPS nylon 4/6 and 2024 
Aluminium alloy.   
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Table 8.6: Comparison of the Williams model with the Williams-Minimisation Model 
Williams Model Williams-Minimisation Model 
Material 
Rake angle 
(o) σY (MPa) Gc (kJm-2) σY (MPa) Gc (kJm-2) 
-20 72.3 ± 4.8 1.83 ± 0.30 72.6 1.79 ± 0.45 
0 74.3 ± 2.9 1.78 ± 0.19 74.3 1.78 ± 0.48 
10 74.6 ± 2.2 1.46 ± 0.15 74.7 1.43 ± 0.44 
15 65.3 ± 7.1 1.98 ± 0.35 65.2 2.00 ± 0.64 
20 72.2 ± 2.8 1.57 ± 0.20 72.1 1.59 ± 0.48 
HIPS 
30 68.9 ± 1.9 1.74 ± 0.14 69.2 1.70 ± 0.50 
-20 155 ± 7 4.25 ± 0.37 155.1 4.19 ± 1.22 
0 156 ± 6 3.78 ± 0.35 156.4 3.74 ± 0.59 
10 159 ± 10 3.57 ± 0.59 159.2 3.61 ± 1.04 
15 147 ± 8 4.12 ± 0.36 147.3 4.06 ± 0.82 
20 148 ± 4 3.85 ± 0.20 148.5 3.82 ± 1.26 
Nylon 4/6 
30 137 ± 5 3.55 ± 0.19 137.0 3.55 ± 0.65 
5 1021 ± 62 64.4 ± 3.4 1019 64.5 ± 8.7 
10 1246 ± 75 26.6 ± 5.3 1244 26.7 ± 13.3 
15 1142 ± 17 5.1 ± 1.2 1142 5.17 ± 3.78 
20 1001 ± 10 14.0 ± 0.7 1000 14.1 ± 2.69 
25 974 ± 11 14.0 ± 0.8 988 11.6 ± 2.35 
30 961 ± 20 14.1 ± 1.4 963 13.64 ± 4.61 
35 935 ± 9 21.2 ± 0.7 935 21.5 ± 2.51 
Steel 
40 949 ± 14 16.5 ± 1.0 947 16.8 ± 3.53 
20 684±26 40.6±1.7 682.5 40.92 ± 5.71 
25 799 ± 32 16.9 ± 2.5 798.4 17.03 ± 6.02 
30 746 ± 31 18.0 ± 1.8 744.1 18.54 ± 6.61 
35 771 ± 26 15.5 ± 2.0 768.5 15.94 ± 6.52 
α-brass 
40 746 ± 12 15.5 ± 0.9 749.9 14.72 ± 2.74 
5 656 ± 31 9.2 ± 2.21 660.5 8.45 ± 2.73 
10 653 ± 42 9.2 ± 3.04 657.2 8.54 ± 5.02 
15 653 ± 36 9.2 ± 4.32 655.3 8.24 ± 2.01 
25 717 ± 161 5.2 ± 2.37 718.1 5.09 ± 2.24 
30 705 ± 116 6.57 ± 1.65 706.1 6.42 ± 2.81 
2024-T4 Al. 
40 753 ± 76 6.6 ± 1.71 752.7 6.67 ± 3.77 
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It is observed that the two methods return very similar fracture toughness and yield stress 
values, and these both work well for both metals and polymers.  The Williams-Minimisation 
model is a convenient and simpler method to determine the fracture toughness and yield stress 
as only Fc and Ft are required, and if the purpose of the tests is only to determine Gc, this 
scheme certainly has use in future applications.   
8.5 Concluding Remarks 
A good agreement was observed between the fracture toughness values determined by the 
cutting analysis and SENB tests performed on nylon 4/6 and nylon 6/12.  LLDPE was seen to 
fail LEFM conditions and, due to crack tip blunting, the J approach also failed to return any 
valid results.  Gc values from the cutting of PMMA are higher than those from SENB tests.  A 
‘blunt-tool cutting’ phenomenon is suggested as a possible cause of this due to the diameter of 
the cutting tip being larger than the crack opening displacement.   
 
The yield stress was found to be up to 5 times higher than values determined from tensile tests.  
Chip image analysis has shown that the materials experience high strains during cutting.  An 
initial set of compression tests on HIPS, nylon 4/6 and LLDPE indicate the existence of work 
hardening at high strains resulting in the materials having an elevated yield stress.  
 
The coefficient of friction varied significantly depending on the interaction conditions between 
the tool rake surface and workpiece.  This was found to be highly dependent on the surface 
finish of the tool.  The adhesion toughness was also seen to vary with rake angle.  With peaks 
observed at either low or high rake angles.  For the polymers, the shear angles calculated agreed 
well with those determined experimentally.  Although for LLDPE this was not the case.  Visco-
elastic effects, coupled with residual stresses forced the chips to change shape after cutting, 
resulting in inaccurate chip thickness measurements.   
 
The Williams minimisation method agreed with the Williams model with an error of less than 
1%.  This method is seen to be a more convenient scheme, as only the cutting force values are 
required and is independent of chip thickness measurements.   
 
The next chapter will presents the main conclusions of this project and highlight some possible 
directions for further research.  
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Chapter 9 
9 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
9.1 Introduction 
The overall objectives of the work described in this thesis were; (i) to develop an appropriate 
test rig to perform orthogonal cutting in which the cutting depths, the parallel and transverse 
forces and the off-cut chip thickness could be measured, (ii) to apply these data to a new cutting 
analysis such that the fracture toughness and yield stress of the material can be deduced along 
with the coefficient of friction and adhesion toughness at the tool-chip interface, (iii) to compare 
these parameters determined from cutting with known values from standard tests, (iv) to explore 
the possibility of the application of the cutting analysis to metal data and (v) to investigate the 
repeatability and reproducibility of the cutting method in a round robin exercise.   
 
The conclusions drawn in this project are now summarised.  These are followed by 
recommendations which would enable work in this project to be taken further.   
 
 
 
 
 
                                                         Conclusions and Recommendations for Future Work                             
171 
9.2 Development and Use of the Cutting Tests 
An experimental rig and test method were developed to perform orthogonal cutting on a high 
rate servo-hydraulic testing machine.  A triaxial load cell was preloaded between two titanium 
blocks and attached to a single axis lathe table.  The load cell was calibrated to measure forces 
in two directions, the force parallel and transverse to the direction of cut.  Cutting tools of 
varying rake angles were manufactured and employed to perform these cuts.  The workpiece 
was attached to the ram of the testing machine.  The rig was capable of cutting at a number of 
velocities.  As the ram and workpiece moved vertically down onto the cutting edge of the tool, 
an orthogonal cut was taken and a nominal depth of cut was removed from the specimen with 
the forces encountered being measured by the load cell.  The average cutting forces were 
recorded.  The initial peaks associated with the impact between the tool and the workpiece were 
discounted.   
 
The cutting depths and test speeds were governed by the rigidity of the cutting rig.  It was found 
that cutting with too greater depth resulted in excessive bending of the tool.  Cutting at test 
speeds greater than 0.1 ms-1 caused high amplitude vibrational noise to be transmitted through 
the load cell.  This resulted in inaccurate force measurements.  To overcome both of these 
issues, cutting was limited to maximum depth of 0.25mm and test speeds were limited to        
0.1 ms-1.   
 
The cutting forces parallel, Fc and transverse Ft to the cutting direction were measured at each 
cutting depth, h.  Finally the chip thickness hc was measured.  This data was analysed to 
determine the fracture and mechanical properties of the material along with the interaction 
conditions at the tool-chip interface.  
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9.3 Observations on Cutting and Analysis 
Cutting tests were performed on PMMA, nylon 4/6 and nylon 6/12 using the method described 
previously, with rake angles varying from -20o to 30o.  As the materials were cut, continuous 
chips formed over the range of rake angles employed.  PMMA was an exception as when 
cutting with a rake angle of 30o discontinuous chip were formed.  Generally, the cutting left the 
workpiece smooth, with the chips curling inwards by varying amounts, depending on the cutting 
depth and rake angle.   
 
The analysis returned fracture toughness and yield stress values which were constant and 
independent of the rake angle.  The coefficient of friction and adhesion toughness values 
deduced by the analysis were observed to be dependent on the test speed and rake angle, with 
peaks observed at either end of the range of rake angles employed.  The experimentally 
calculated shear angles were seen to agree to within ±10% of those calculated theoretically from 
the analysis.   
9.4 Comparison of Analysis with Standard Results 
An analysis to determine values of fracture toughness and yield stress from cutting was applied 
to the data.  The analysis also determined values for the coefficient of friction and adhesion 
toughness between the workpiece and cutting tool.  An Excel spreadsheet was developed to 
perform this analysis.   
 
The analysis returned fracture toughness values that were constant throughout the range of rake 
angles employed.  The speed of the crack propagating through the material during SENB tests 
was calculated and a good agreement was observed with the values determined from the cutting 
analysis for nylon 4/6 and nylon 6/12.  However, the fracture toughness values of PMMA 
determined from the cutting analysis were observed to be higher than the values determined 
from SENB tests.  A ‘blunt-tool cutting’ phenomenon is believed to provide the explanation for 
this.  The diameter of the cutting tip being 2 times larger than the opening displacement of the 
crack results in larger forces (and hence larger energies) being required to propagate a crack.   
 
The yield stress values determined by the cutting analysis were found to be up to 5 times higher 
than values determined from tensile tests performed on the PMMA, nylon 4/6, nylon 6/12.  
High yield stress values were also deduced from the cutting data taken from the literature for the 
metals, steel and α-brass.  The theory was based on the assumption that the chip moved directly 
up the rake surface.  However, image analysis showed the chips to bend and curl, with the 
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degree of curvature being dependent on both the rake angle and the depth of cut.  Image analysis 
of the chip off-cuts showed that strains of up to 2% were imposed on the chips during cutting.  
Compression tests on HIPS, nylon 4/6 and LLDPE confirmed the existence of work hardening 
at high strains, resulting in elevated yield stress values.  
 
The coefficient of friction between the tool-chip interface was seen to vary significantly 
depending on the cutting conditions.  The value of the coefficient of friction was found to be 
highly dependent on the surface finish of the tool.  However, these were generally found to be 
lower than friction tests conducted under static conditions.  The adhesion toughness was also 
seen to vary with rake angle.  The general form of this was observed to be at a plateau level with 
a peak at either low or high rake angles.   
 
Although no surface roughness tests were conducted, the visual surface finish of the workpiece 
and chips did vary significantly with rake angle, depth of cut and cutting rate.  This was best 
observed during the cutting of PMMA.  Cutting with rake angles in the range -20o to 10o 
resulted in a visually smooth finish on the workpiece with the chips all curling inwards.  
However, as the rake angle was increased, the surface became rougher and subsequently 
resulted in discontinuous chip formation.  As the cutting rate was further increased, the chips 
were removed with little curvature, leaving the surface rougher than at the lower cutting rates.  
The shear angles calculated (φ1) agreed well with those determined experimentally (φ2).   
 
A thermal imaging camera was used to quantify the heating effect as the polymers were 
machined.  Analysis of thermal images showed the temperature increased during cutting which 
was dependent on the cutting depth, rake angle and the cutting speed.  An increase of 60oC was 
measured however, it was also seen that the chips then began to cool immediately after cutting, 
allowing them to recover.   
 
The Williams cutting model was based on a relationship between the cutting forces and the 
shear plane angle.  The Williams-Minimisation model was independent of the conditions along 
the tool-chip interface and therefore had the advantage that chip thickness measurements were 
not required.  A comparison showed the two models to agree to within 99%.  This latter model 
was found to be simpler and is seen to be a more convenient method when only the fracture 
toughness and yield stress properties need be determined.   
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9.5 Analysis of Metal Data 
The analysis was applied to cutting data reported by Eggleston.  The values of Gc determined 
for the three metals (aluminium alloy, steel and α-brass) were realistic and within the range of 
values quoted in independent references.  The yield stress values deduced from the cutting 
analysis were greater than the book values quoted.  These were a factor of 5 greater than book 
values for steel and a factor of 2 greater for aluminium alloy and α-brass.  Compression tests 
performed on the materials by Eggleston deduced that the materials work harden resulting in the 
elevated yield stress values deduced.  This conclusion is consistent with the conclusion reached 
in this project, that the elevated yield stress values determined are due to work hardening.   
 
The values of the coefficient of friction determined were somewhat below the book values.  
This is probably because the cutting friction values are dynamic and book values are static.  The 
experimental values of φ2 varied significantly from φ1 for steel and α-brass.  High strains during 
machining are believed to work harden the materials, resulting in inaccurate chip thickness 
measurements. 
9.6 Round Robin Results 
A draft protocol was written as part of this study, and was distributed to a number of institutions 
for the purpose of developing a standardised method for determining Gc values from cutting.  
Due to ease of distribution, HIPS, ABS and LLDPE were selected as candidate materials for this 
first round of tests.  The draft protocol detailed the method to be followed to perform orthogonal 
cutting and suggested a possible setup to perform these tests, based on the work described in 
this thesis.     
 
The fracture toughness results measured, compared well with SENB and J fracture test for HIPS 
and ABS.  However, due to crack tip blunting, Gc tests were not possible on LLDPE, J-tests also 
failed to return any results.  However, analysis of the force-displacement curves implied that the 
material was extremely tough.  High values of Gc determined from the cutting analysis for this 
material.   
 
The experimental values of φ2 varied significantly from the φ1 values, for LLDPE.  Residual 
stresses and work hardening are believed to change the shape of the chips after cutting, resulting 
in inaccurate chip thickness measurements. 
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Cutting tests are currently underway in the round robin and although no firm conclusions can be 
drawn on the repeatability and reproducibility of the protocol at this stage, initial results are 
encouraging.  
9.7 Recommendations for Future Work 
A better understanding of the work hardening mechanisms is required in order to further 
develop the cutting analysis.  Therefore, further compression tests at high strains are required.  
The new concept of adhesion between the tool and chip was introduced by Williams.  No 
standard methods exist to determine these results, therefore this is also a major recommendation 
for future work.  This may be achieved by melting and gumming some material on to the cutting 
tool surface and measuring the forces required to pull the material off.   
 
The development of a stiffer rig would enable greater depths of cut to be performed at higher 
test rates.  This would be a closer representation of the conditions used in industry to 
manufacture components.  This may also enable further investigation into the possible 
application of the cutting analysis to metals by obtaining cutting data by tests conducted using 
the cutting rig and applying the method described in this project.  These values may then be 
compared with fracture and mechanical parameters deduced from standard tests.    
 
As previously mentioned, the thermal imaging setup required a high sample rate and level of 
magnification to view the cutting process at the point of shear throughout the length of cut.  To 
better understand the temperatures involved during the cutting process a higher resolution 
camera must be used.  This would enable a larger field-of-view with far greater clarity and 
detail, which would enable the accurate measurements of the temperatures at shear.   
 
The draft protocol and round robin tests are at an early stage; these both need to be pursued 
further to ensure repeatability and reproducibility of the test method.  This may be achieved by 
employing the Williams-Minimisation model as it is a easier scheme to follow.  .   
 
Finally, a finite-element model may be employed to represent the cutting of polymers.  
Although this technique has been developed to model the machining of metals, little work has 
been done on polymer cutting this is largely due to the inherent issue with performing 
computational modelling for visco-elastic polymers.   
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11 APPENDIX A 
Draft Protocol 
 
   
Protocol for the Toughness Determination of Polymers from Cutting  
  - August 2007 
Y. Patel, J.G. WilliamsA and B.R.K. Blackman 
Mechanical Engineering Department, Imperial College London.  UK.   
 
Scope 
This protocol is designed to characterise material properties of polymers during cutting 
with a single sharp edge.  Such properties include toughness, Gc, yield stress, σY, 
adhesion toughness, Ga, and the coefficient of friction, μ, between the material and 
cutting tool surface.  The tests are to be performed with an orthogonal cutting setup 
where the direction of cut is parallel to the workpiece edge.  
 
This is very much a “work in progress” document and some aspects are the subject of 
current debate. In particular Ga, the adhesion parameter, which may be related to a 
friction initiation condition.  Since the main goal is the determination of Gc, it is not 
necessary to resolve these issues before proceeding.  
 
 
Figure 14: Test setup 
 
 
 
                                                 
A Correspondences to be sent to g.williams@imperial.ac.uk 
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Test specimen and setup 
The test setup is shown in Figure 14 with Figure 15 showing a magnified view of the 
cutting region schematically.  The specimen width should be less than the width of the 
cutting tool to eliminate any edge effects.  The length of the specimen should be long 
enough to achieve a period of continuous chip formation and constant load. A specimen 
length of 50mm is recommended.   
 
Figure 15: Magnified view of cutting region shown as A in Figure 1. 
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The tests can be performed on a variety of machines.  The most convenient arrangement 
is to use a cutting rig designed for a servo-hydraulic machine which has the capability 
of a range of speeds.  Lower speeds (i.e. 0.001ms-1) may be employed if screw 
machines are used.  Rigs developed using mechanical actuators have also been found to 
work.  The cutting force, Fc, and force perpendicular to the direction of cut, Ft, are to be 
recorded during the tests.  Thus, a two axis load cell is required.  Depending on the 
cutting rate, it is recommended that a data logger which can record with minimum of 
8000 points a second is used at high cutting velocitiesB.  The cut thickness is h and the 
chip thickness is hc (note that h≠hc).  φ is the angle to the shear plane.   
 
The rigidity of the cutting rig is an important factor in achieving a steady state and 
therefore the cutting tool should have a small deflection (<0.01mm) during the cutting 
process.  This can be achieved by having the cutting tip protruding no more than about 
10mm from its clamping holder (for typical cutting tool materials). 
 
The tool rake angle is defined by α in Figures 1 and 2.  A wide range of rake angles 
have been employed in the literature, including negative angles (when the tool leans 
towards the direction of cut).  A rake angle of 10º is recommended for these testsC.  It is 
common for cutting tools to possess a clearance angle between the base of the tool and 
the cut surface.  This is approximately 10º.   
 
The accurate measurement of h is an extremely important factor in this test method.  
Screw controls to an x-y table may be very inaccurate due to backlash effects.  It is 
recommended that h be measured using a digital dial gaugeD or vernier calliperD.  The 
gauge or calliper should be rigidly mounted at a fixed orthogonal distance from the cut 
face and five measurements should be made to the cut face both before and after each 
cut.  The depth of cut is then calculated by the difference between the average readings 
before and after the cut.    
 
 
                                                 
B If these tests are performed at lower velocities, a lower sampling rate may be used. 
C Rake angles can be ground from a High Strength Steel (HSS) lathe tool.  RS stock No. 182-225 
D A minimum resolution of 0.01mm is recommended. 
   
Test procedure 
1. Firstly, the width of the specimen should be measured and the average recorded 
as b.  It is recommended that b should be in the range 3 - 6 mm.  It should also 
be ensured that b < bt, where bt is the width of the tool. 
 
2. The rake angle of the tool, α, should be recorded.   
 
3. The specimen should be clamped rigidly into position.   
 
4. The position of the tool (or the specimen) should be adjusted such that when the 
test is activated, a cut of depth h will be taken.  It may be necessary to perform a 
slow facing cut to create an orthogonal surface for subsequent testing. This will 
also zero the distance between the cutting tip and the specimen edge. (It is 
important that h is sufficiently small to ensure shear deformation in the chip and 
it is therefore recommended that h meets the criterion 0.02mm ≤ h ≤ 0.25mm).   
 
5. The orthogonal distance from a fixed position to the cutting surface is recorded.  
It is recommended that 5 measurements be made evenly spaced along the cutting 
surface.  The average of these measurements is recorded as h1.   
 
6. The cutting tool should be driven towards the specimenE at a constant velocity 
V, within the range of 0.01ms-1 ≤ V ≤ 1ms-1.   
 
7. The cutting force, Fc, and force, Ft, perpendicular to the direction of cut are to be 
recorded during the tests. 
 
After each cut: 
8. The orthogonal distance from the fixed position to the cutting surface is 
measured again.  It is recommended that 5 measurements be taken evenly spaced 
along the cutting surface.  The average of these measurements is recorded as h2.   
 
9. The depth of cut is determined from h2-h1.  This is recorded as h.   
                                                 
E The same results can be achieved with the specimen moving across a stationary tool.  
   
 
10. Five measurements of the chip thickness should be made, with the average 
recorded as hc.  
 
Repeat cuts: 
11. The procedure should be repeated such that a series of cuts are taken over a 
range of different depths of cut, h.   
 
12. It is recommended that 8 cuts be taken, evenly spaced over the depth range 
0.02mm ≤ h ≤ 0.25mm.   
 
In addition to these instructions, a flow chart in Appendix 1 gives an overview of the 
steps to be taken during these tests.  
 
   
Interpretation of results 
Figure 16 shows two typical force traces for Fc and Ft obtained during the cutting of a 
polymer.  The values to be recorded are the average steady-state cutting forces after the 
initial impact between the tool and the specimen.  This is achieved by applying trend 
lines to the data within this steady-state region, as shown in Figure 3.  
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Figure 16: Typical load trace graph during the cutting process. 
 
The results should be recorded in a table as shown in Table 7.   
 
Material   
Specimen width, b (mm)  
Rake angle, α (°)  
Cutting velocity, V (ms-1)  
h (mm) hc (mm) Fc (N) Ft (N) 
    
    
    
    
    
    
 
Table 7: Data recording sheet 
 
Initial impact between tool 
and specimen 
Average cutting force 
   
Analysis 
Orthogonal cutting has been analysed by Williams [1] via an energy solution, based 
upon the earlier work of Kobayashi [2].  The analysis invokes the parameters Gc 
(material toughness) and Ga (an adhesion toughness).  It also utilizes the yield strength, 
σY of the polymer and also the coefficient of friction between the cutting tool and the 
polymer, μ.   
 
The analysis derives expressions for ⎟⎠
⎞⎜⎝
⎛
b
Fc and ⎟⎠
⎞⎜⎝
⎛
b
Ft , which are both non-linear 
functions of h, (Equations 1 and 2).  An Excel spreadsheet has been written to solve 
equations 1 and 2 using an iterative method, the macro changes the values of Gc, Ga, σ Y 
and μ  to satisfy both these equations and then returns these values as material 
characteristics.  
 
h
h
hZZGb
F
Yc
c ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++++= 21 2σ   Equation 11.1 
 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ++++=
h
h
h
hZZZhb
F
Y
t 211 2σ   Equation 11.2 
 
Where;  
  
)sin(cos αμασ += Y
aGh  
 αμ
αμ
tan1
tan +
−=Z  
Gc = toughness  
 Ga = adhesion toughness 
 σ Y = yield stress 
 μ =  coefficient of friction 
  
The shear angle, φο, is calculated from equation 3 and these values can be compared 
with those calculated from equation 4.  This is a useful cross check on the results.  They 
should agree to within ±10%.  
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=φ    Equation 11.3 
 
α
αφ
sin
costan 2 −
=
h
hc
    Equation 11.4 
 
If only Fc is measured, it is not possible to determine all four parameters from equation 
1 with any sensible accuracy.  A linear approximation for small μ gives an intercept of 
(Gc + Ga) and slope of σY. 
 
Report 
The test report should contain the following information: 
1. The data entered into Table 1 for each set of tests, located in the spreadsheet. 
2. Typical graphs of Fc and Ft versus time for each set of tests.  
3. The graph of F/b (i.e. Fc/b and Ft/b) versus h for each material, as plotted by 
the Excel spreadsheet.   
4. The values of: μ, σY, Gc and Ga as calculated using the Excel spreadsheet for 
each material.   
5. A graph of tan φo (from equations (3) and (4) plotted against h-1), as plotted by 
the Excel spreadsheet.   
6. Your observations on the test.   
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Appendix 1: Flowchart of procedure 
 
Cut specimens out to 
correct size. Depending on 
setup used. 50mm cutting 
length is recommended.
1.
 Clamp specimen in to 
holder.
2.
Perform one cut to "zero" 
distance between cutting 
tip and specimen edge.
3.
Measure distances from a 
fixed independent loctation 
to specimen edge, h 1.
5.
Perform cut.
6.
Measure distances from a 
fixed independent location 
to specimen edge, h 2 .
Record the force in 
the cutting 
direction, F c  in 
the spreadsheet.
Subtract h 1  from 
h 2 . Record this as 
h  in Spreadsheet 
supplied.
h = h 2 - h 1
Select cutting 
velocity.
Select Rake 
angle.
4.
Apply a cutting depth.
8 evenly spaced 
values of h  and 
corresponding 
forces recorded?
7.
Measure chip thickness, 
h c . Record this in the 
spreadsheet supplied.
Force 
transducer
Record the force 
perpendicular to 
the cutting 
direction, F t  in the 
spreadsheet.
No
Yes
8.
Ensure all fields have been 
entered into spreadsheet. 
Press "Find….. "
   
Appendix 2: Initial results 
 
Some initial tests have been performed on nylon 4/6 and ABS with 50% rubber.  The 
values calculated from the above equations are compared with values determined from 
conventional tests as described in ASTM D5045 -921a, ISO 527 -2, ASTM D790m -93.  
 
1. Nylon 4/6  
 
1) Force traces during the cutting at a depth of 0.20mm at a constant velocity of 
0.01ms-1 and a rake angle of 15°. 
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Figure 17 
 
2) Use of Excel spreadsheet to plot Fc/b, Ft/b against h.  
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Figure 18 
   
3) The iterative method is used to solve equations 1 and 2 to determine the material 
properties and these are compared with values measured in standard tests in 
table 2. 
 
Material 
Property 
Results from 
cutting tests 
Results from 
conventional tests 
μ 
σy 
Gc 
Ga 
0.11 
117 MPa 
4.44 ± 0.39 kJ m-2 
1.15 ± 0.1 kJ m-2 
- 
80 MPa 
3.8 ± 0.78 kJ m-2 
- 
 
Table 8 
 
 
4) Figure 19 shows tan φo plotted against h-1.  Equations 3 and 4 are plotted as a 
cross check of the results, showing on average a 4% difference between 
equations 3 and 4. 
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Figure 19 
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2. ABS with 50% rubber 
 
1) Force traces during the cutting at a depth of 0.20mm at a constant velocity of 
0.1ms-1 and a rake angle of 20°. 
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Figure 20 
 
 
2) Use of Excel spreadsheet to plot Fc/b, Ft/b against h.  
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Figure 21 
 
 
 
 
 
   
3) The iterative method is used to solve equations 1 and 2 to determine the material 
properties.  These are compared with the values determined from a recent round 
robin Jc-fracture test exercise. 
 
Material 
Property 
Results from 
cutting tests 
Results from 
conventional tests 
μ 
σy 
Gc 
Ga 
0.14 
65 MPa 
3.56 ± 0.19 kJ m-2 
0.96 ± 0.05 kJ m-2 
- 
- 
3.9 kJ m-2* 
- 
* Jc, at 0.2mm crack growth, J0.2 
Table 9 
 
 
4) Figure 9 shows tan φo plotted against h-1.  Equations 3 and 4 are plotted as a 
cross check of the results, showing on average a 7% difference between 
equations 3 and 4. 
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12 APPENDIX B 
Crack speed derivation 
 
for a single edge notch bend (SENB) test specimen loaded at a constant speed, V, a 
crack speed at initiation may be computed from the expression for Gc; 
2
2c
P dCG
b da
=  
 
Where P is the load at fracture initiation, b the specimen thickness, a the crack length 
and C is the specimen compliance, 
P
VtC =  
and t is the time. 
 
Substituting for P we have, 
 
2
2 2
2 cbWG t dC
V C dx
⎛ ⎞ =⎜ ⎟⎝ ⎠  
 
where W is the specimen width and x = a/W.  Now the energy calibration factor φ is 
given by [ ], 
 
C
dC
dx
φ = ⎛ ⎞⎜ ⎟⎝ ⎠
 
 
and if we assume that Gc is constant during propagation then, 
2
2
2 2 2 1 1 0cbWGd d t t t d a
dt V dt C C C dx W
φ
φ φ φ φ φ
⎛ ⎞ ⎛ ⎞⎛ ⎞ = = − + =⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

 
 
i.e. 
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2
1
Wa dt
dx
φ
φ
⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟+⎝ ⎠
  
 
for the standard specimens the span to depth ratio is 4 and 0.45 < a < 0.55 and φ values 
are [ ], 
 
x 0.45 0.5 0.55 
φ 0.260 0.234 0.210 
 
at x = 0.5, 0.5d
dx
φ = − and hence, 
2 2 0.234 0.936
0.51 d
dx
φ
φ
×= =
+
 
and hence 
0.94Wa
t
≈  
 
 
